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Abstract
With the rapid and ongoing developments in telecommunication and electronic war-
fare technology, faster and more flexible systems are in demand. Wideband signal pro-
cessing is thus needed to implement such systems. Microwave photonics has been intro-
duced as a tool for achieving such ultra broadband signal processing.
Instantaneous Frequency Measurement (IFM) receivers play an important role in elec-
tronic warfare. They have been developed as a means of obtaining a rapid indication of
the presence of a threat and to roughly identify the frequency of the threat signals. They
also have the advantages of low-cost, compactness and moderate to good sorting capa-
bility in an interference-free environment. The main limitation of the traditional RF IFM
receivers is constrained bandwidth. Microwave Photonic IFMs have been considered, but
the main disadvantages of photonic realization of the recent IFM receiver is cost.
This work aims to propose and demonstrate low-cost photonic IFM receivers with
a broad frequency measurement range. The proposed methods are based on the use of
photonic mixing to down-convert the RF modulated optical signals to DC. In a RADAR
warning receiver, usually a bank of IFMs is required. Increasing the numbers of IFMs
requires an increase in the number of photo-detectors. Thus if low-frequency, low-cost
detectors can be used, then the net system cost will be reduced significantly. The concept
is proven and the issues arising are analyzed. In the proof of concept system, measurement
of the RF frequency required advance knowledge of the RF power. Secondly, the use of
co-axial RF cables as delay elements, limited the bandwidth and increased bulk.
Using a photonic hybrid approach to achieve orthogonal measurements was demon-
strated as a means of identifying both RF frequency and power simultaneously and inde-
pendently. Employing all optical mixing removed the need for co-axial RF cables delays
using non-linear optical devices such as Semiconductor Optical Amplifier (SOA) and
Highly Non-Linear Fiber (HLNF).
The last investigation is to improve the sensitivity of the implemented IFM system.
The sensitivity of the implemented system is characterized first and a lock-in technique is
employed to improve the sensitivity of the system. The final system achieves a sensitivity
of -41 dBm which is comparable with the traditional RF IFM receivers.
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Advanced signal processing techniques are important for modern wireless communica-
tion [1] and electronic warfare systems. Modern systems often operate anywhere in the
(0-20 GHz) region [2] and can be required in the 2-40 GHz range [3]. Wideband signal
processing is essential to increase the RF spectrum efficiency and improve the quality of
these systems. For instance an approach in communication systems could be smart anten-
nas [4]. Smart antennas exploit the space domain to increase the capacity of communi-
cation systems. These systems require adaptive signal processing algorithms to track the
desired signals continuously, as well as identify and remove any interference. An impor-
tant element in military strategy is electronic warfare in which RADAR plays a primary
role [5, 6]. Similar to smart antennas, application of advanced signal processing tech-
niques are crucial for locating the enemy RADAR both in space and frequency so that the
appropriate counter measure can be precisely deployed.
Technologies used for signal processing, include conventional direct Radio Frequency
(RF) techniques, digital techniques, intermediate frequency (IF) techniques and photonic
techniques [2, 7]. Direct RF techniques suffer an increased loss, high dispersion, and
unwanted radiation problems in high frequencies. The systems that use traditional RF
techniques can be bulky and often lack the agility required to perform advanced signal
processing in rapidly changing environments. Digital techniques, although very flexi-
ble, are currently limited by analogue to digital conversion rates of only few GHz. IF
techniques are implemented using mixers to segment broadband spectra in to GHz slices
and then mix this down to a lower frequency where digital sampling techniques can be
employed. Image and intermodulation frequency generation, and non-linear frequency
dependent conversion gain are typical problems. The need for multiple parallel systems
for each component of the broadband spectrum is also a problem, for instance; 40 IF
1
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stages with 1 GHz bandwidth would be needed to cover the 0-40 GHz band. In traditional
defence applications, IF and digital techniques are very popular; however, the significant
hardware associated with the transport and processing of multiple IF signals, specifically
cabling, can introduce considerable cost, bulk and weight [2, 8].
A new signal processing technique which has recently been developed is microwave
photonic signal processing [9]. The attractive features of this technique are handling
broadband signals directly therefore avoiding problems associated with the limited fre-
quency range of digital implementations and the parallel implementations used in IF
processing for frequency down conversion. Microwave photonic also offers frequency
independent loss, elimination of the need for matching networks, and immunity to elec-
tromagnetic interference. It is possible to perform some signal processing operations
directly in the photonic domain [8, 10].
Microwave photonic signal processing has already been demonstrated in applications
such as phase shifters [11–13], true time delay beamforming/steering [14,15], microwave
filters [16–18], and nullforming/steering systems [19, 20] to name a few. Several papers
provide a review on this topic [10, 21–26].
Many of these reported microwave photonic systems aim to identify and control RADAR
signals in space. It is equally important to identify the location RADAR threats in fre-
quency. One system dedicated to this task is the Instantaneous Frequency Measure-
ment (IFM) receiver.
Several configurations of IFM receivers have been reported over the past decades. A
review of IFM receivers attempted in the literature follows.
1.2 Review of Instantaneous Frequency Measurement
Receivers
RADAR warning receivers are designed to detect and classify potential threats in an
electronic warfare environment. RF signal processing techniques are exceptionally in-
cisive; however, they can require some advance knowledge of the threat and can also
require significant computation resources and time for processing. Instantaneous Fre-
quency Measurement (IFM) systems have been developed as a means of obtaining a rapid
indication of the presence of a potential threat and to roughly identify the frequency of
the threat signals, suggesting the frequency range in which to focus more sophisticated
signal acquisition and processing resources. The major advantages of IFM sytems are
good frequency accuracy, low-cost, compactness and moderate to good sorting capabil-
ity in an interference-free or low-signal-density environment. IFMs are not confused by
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Figure 1.1: RF IFM receiver
wide bandwidth modulations such as chirp and frequency hopping. The IFM is a good
compromise between channelized and crystal video intercept receivers [27–29].
For clarity, it will be useful to explain the operation of IFM receivers and the types
of these receivers. Figure 1.1 shows a simple block diagram of an electronic IFM. The
antenna receives the RF signal (e.g. from the guiding RADAR). This signal is then split
into two equal portions using a wideband power splitter. One portion is time delayed by
amount τ , relative to the other portion. Both portions were then combined with a 90◦
RF hybrid coupler. The output of the hybrid coupler consists of frequency dependent
amplitude RF signals with 90◦ phase shift respect to each other. By dividing one output
by the other, it is possible to find the RF angular frequency.
Traditional IFM receivers have been deployed for many years [30, 31]. They provide
good frequency measurement range (0.5-18 GHz) with sensitivity down to -50 dBm [32].
Traditional IFM receivers have been implemented simply using interferometers formed
from microwave hybrid couplers and RF delay lines [33–35].
In recent years, electronic warfare systems operating in the millimeter wave regime
(0.5-40 GHz) have become desirable. It is difficult to realize traditional microwave im-
plementations that can provide such broad bandwidth operation [36, 37]. Attempts have
been made to improve IFM receiver bandwidth and efficiency. In one work, a frequency
measurement range of 6-18 GHz was demonstrated [34]. A multiple delay line IFM de-
sign based on a phase discriminator topology was implemented in a co-planar waveguide
which enabled dispersion issues to be overcome, but was still subjected to frequency de-
pendent signal fading due to conductor loss.
In another attempt, an IFM receiver with only two delay lines has been demonstrated
based on the Chinese remainder theorem [38]. It featured fine frequency resolution and
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wide input frequency range. Also improvements in bandwidth have been through phase
shifted sampling [39,40]. However, it has stringent fabrication tolerance and could not be
reconfigured.
High resolution IFM receivers have also been achieved. A diode ring was used in one
IFM and only power dividers in another. Conversion techniques of the output signals were
used. These IFMs can achieve frequency resolution better than 1 MHz which depends on
the structure of the subsystems and the length of the delay lines [41]. However, this
implementation has limited bandwidth and limited reconfigurability.
RF devices can be somewhat bulky and rely on multi-octave RF componentry which
can be difficult to implement. Usually banks of the devices are required and they are po-
sitioned close to the receiving antenna to ensure the best sensitivity and dynamic range.
Lately researchers have endeavored to incorporate emerging microwave photonic tech-
nology in order to realize the system that enjoy the merits of both RF and photonic sys-
tems [9, 42].
1.3 Microwave-Photonics
Microwave photonics is a new technology which uses photonics to manage broadband
microwave signals. It has been introduced as a useful tool of increasing the bandwidth
of microwave signal processing systems [9, 10, 22, 43–47]. It provides the opportunity to
work with ultra broad bandwidths, specifically much greater than typically possible with
electrical circuits.
Many researchers have investigated microwave photonics as a replacement for tradi-
tional microwave implementations. Remoting is one of the applications of microwave
photonics [48]. Applications in which point-to-point routing of analog signals were re-
quired have benefited from the excellent propagation characteristics of optical fiber when
compared to co-axial cables. Fiber-optic links that remote RF signals to and from phased-
array RADAR antennas must meet especially stringent performance requirements. Pre-
cisely maintaining both amplitude and phase of the reduced signals over 100′s of meters.
In the past decade, there has been significant progress in the performance of the fiber-optic
links that distribute RF signals in antenna-remoting applications, as well as in cellular
communications [49, 50] and cable television signal distribution networks [51, 52].
In another application, microwave photonic techniques have been used, to implement
antenna beam forming networks [53]. This system was based on an optical Butler matrix.
It allowed simultaneous multi-beam generation capability. This system enabled 40 GHz
RF phase measurements with low ripple and high linearity. This showed the ability of
microwave photonics to achieve broadband frequency operation.
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In various communications systems microwave photonics facilitates achieving broader
bandwidths [54]. It enables broadband signal processing which is increasingly needed in
high capacity networks as well as electronic warfare systems. Considering this, it may
be a good candidate to be employed to implement a photonic IFM receivers which offers
broad bandwidth.
One major complaint against microwave photonics is system cost. Therefore some re-
searchers have endeavored to reduce the cost of the microwave photonic systems through
the use of low-cost sources. In one work two configurations of tunable and reconfigurable
photonic filters were proposed where low-cost optical sources were employed to mini-
mize the total cost of the system [55]. There were two options, one option was a high
power configuration based on fixed lasers. The second was a low power configuration
based on spectral slicing of a broadband source. A review of photonically implemented
IFM receivers attempted in the literature follows.
1.4 Review of Photonic Frequency Measurement
As discussed in Section 1.3 microwave photonics has been demonstrated as a suitable
platform for broadband signal processing. Microwave photonics provides low loss, high
isolation, and low dispersion. It could be useful for implementing an IFM system and
may address many of the issues identified for RF IFM receivers.
Attempts have been made to implement microwave photonic frequency measurement.
One of the first works, was done by L. Nguyen [56] where a frequency measurement con-
cept has been demonstrated based on the amplitude comparison of power fading functions
generated by double sideband modulated optical carriers propagating through a dispersive
medium. A 100 MHz accuracy was achieved over a 4-12 GHz frequency range in a spec-
trally uncluttered environment with near real time response. This concept was extended
to meet the requirements for receivers of this type while offering the potential for wide
operating bandwidths and lightweight compact packaging. In a practical RADAR warn-
ing receiver, a bank of IFM systems are usually needed. This will result in the need for
employing many photo-detectors. Since a broad band high performance photo-detector
was employed in this implementation, the total cost of the system could be relatively high,
specifically when implementing multiple IFM system.
1.4.1 Optical Power Monitoring
One approach is to employ optical power monitoring. In one work RF frequency mea-
surement has been achieved based on monitoring the optical power [57]. The RF signal
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to be measured was modulated onto two optical carriers with their wavelengths set at one
peak and one valley of the spectral response of a sinusoidal filter. A Mach-Zehnder Mod-
ulator (MZM) biased at a null was employed to perform intensity modulation with sup-
pressed carrier. A mathematical model was developed to establish a relation between the
optical powers from each of the two wavelength channels and the microwave frequency
to be measured. The microwave frequency was thus evaluated by simply monitoring the
optical powers at the outputs of the two wavelength channels [57]. However, this system
has limited stability as it employed a Sagnac loop filter and sensitivity due to the poor
gain of the null-biased MZM.
In another attempt to utilize optical power monitoring, the measurement of microwave
frequency in the optical domain has been demonstrated with adjustable measurement
range and resolution. Two optical wavelengths with a large wavelength spacing were
modulated by an unknown microwave signal in a MachZehnder Modulator (MZM). The
optical output from the MZM was sent to a dispersive fiber to introduce chromatic disper-
sion, leading to different microwave power penalties for different frequencies. The two
wavelengths were then separated, with the microwave powers measured by two photo-
detectors. A fixed relationship between the microwave power ratio and the microwave
frequency was established. The microwave frequency was estimated by measuring the
two received microwave powers. The frequency measurement range and resolution could
be adjusted by tuning the wavelength spacing [58]. This implementation relied on using
a long length of dispersive fiber which could limit the stability and latency of the system.
Also broadband photo-detectors were required.
Another approach to measure the RF frequency photonically, was proposed in [59].
It was based on optical power monitoring using a complementary optical filter pair. An
optical carrier was modulated by an RF tone using an MZM biased at null to achieve car-
rier suppression. The suppressed carrier optical signal was then sent to a complementary
optical filter pair. The powers from the complementary filters were then measured using
two optical power meters. A mathematical expression establishing a relation between RF
frequency and the optical powers was then developed and experiments were performed to
verify the effectiveness of the proposed approach. Up to 15 GHz frequency measurement
was achieved; however, the author indicated that the measurement were poorly accurate.
This could be due to the limitations constraint by the complementary optical filter pair
where two optical filters must be implemented with exact center frequencies.
1.4.2 Phase Modulation
Phase modulation has also been employed to achieve microwave photonic frequency mea-
surement. In one attempt, a photonic approach for microwave frequency measurement is
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proposed in [60]. An optical carrier was modulated by an RF tone to be measured. This
was done using a 12 GHz phase modulator. The modulated optical signal is then split
into two parts. The first part, passed through a spool of Polarization Maintaining (PM)
fiber while the second part traversed through dispersion compensation fiber. This allow
introduction of different microwave power penalties. The microwave powers of both parts
were then measured by two photo-detectors. A fixed frequency to power mapping was es-
tablished by obtaining an amplitude comparison function. A proof of concept experiment
demonstrated frequency measurement over a range of .5-10.5 GHz, with measurement
error less than ±0.07 GHz. The frequency to power map gained by this technique is
polarization dependent, and thus it could be hard to be employed in the harsh battle en-
vironment. Furthermore, using spools of PM and dispersion compensated fiber could be
cost ineffective when a bank of IFM required.
In a further attempt to employ phase modulation, a technique for instantaneous mi-
crowave frequency measurement using an optical phase modulator was proposed and
demonstrated practically in [61]. An RF tone with an unknown frequency to be mea-
sured was modulated onto two optical carriers with different wavelengths using a phase
modulator. The phase-modulated optical carriers then traversed through a spool of dis-
persive fiber to experience different delays. The delayed signal were then separated and
detected at two photo-detectors. Due to the chromatic dispersion of the dispersive fiber,
the two RF tones experience different power fading. This results in different power versus
frequency functions. A fixed relationship between the RF frequency and the RF powers
was then established. The RF frequency was then estimated using this pair of power mea-
surement. The system exhibits less loss compared with the techniques using intensity
modulation. Since no bias is needed the system has a better stability, which is highly
expected for defense applications. The system was capable of measuring RF frequencies
from 7.3-15.05 GHz with 500 MHz accuracy. The noise generated in the phase modulator
was identified as the major source of error.
1.4.3 Hi-Resolution IFM Systems
Attempts to improve frequency measurement range and resolution have also been re-
ported. A photonic assisted approach to microwave frequency measurement is proposed
based on frequency to power mapping with the help of the so-called amplitude com-
parison function [62]. The key component was a dual output MZM working at chirped
modulation. The proposed scheme was characterized as having simplicity, higher reso-
lution, and tunable measurement range. A frequency accuracy of 50 MHz was achieved
beyond 7 GHz. High frequency photo-detectors (25 GHz) were employed which could
increase the cost of the IFM system where bank of IFMs required. Also since the system
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required using a tunable laser and measuring the response for different optical powers, it
can not respond instantaneously, therefore it could have a poor latency and thus not able
be practically employed as an IFM system.
In another work, an approach is proposed and demonstrated to improve the measure-
ment range and resolution of a microwave frequency measurement system [63]. Two
optical carriers were modulated by a microwave signal using an MZM. The optical output
from the MZM was then sent to a dispersive fiber to introduce different chromatic disper-
sions, leading to different microwave power penalties. A fixed relationship between the
microwave power ratio and the microwave frequency was established. The microwave
frequency was then estimated by measuring the microwave powers. A frequency mea-
surement accuracy was achieved; however, the frequency measurement range was very
limited 9.9-12.2 GHz which could make the system unpractical.
In another attempt to measure the microwave frequency, a photonic RF instantaneous
frequency measurement system was proposed and experimentally demonstrated [64]. A
frequency measurement independent of the optical input power and microwave modula-
tion index was achieved by using the constructive and destructive ports of a polarization
domain interferometer. A single laser diode was used to produce an optical carrier modu-
lated by a Mach-Zehnder Modulator (MZM) biased at null. The output of the MZM then
became rotated by 45◦ and traversed through a PM fiber. A polarization beam splitter was
then employed to extract TE and TM components of the carrier and each component was
them measured using optical power meters. Experimental tests yielded a peak to peak
frequency error lower than 200 MHz for a frequency range of 1-18 GHz. Since the MZM
modulator was biased at null, poor sensitivity was inevitable therefore an RF amplifier
was used to amplify the input RF power up to 16 dBm. This amount of power may be not
practically achievable. Also the system relied on polarization of the carrier which again
may reduce the sensitivity in the battle environment.
1.4.4 The Other Attempts
A further approach based on a monolithically integrated echelle diffractive grating was
proposed and demonstrated practically [65]. An optical carrier was modulated by an RF
tone using an MZM. To suppress the optical carrier, the MZM was biased at null. One of
the sidebands was then filtered out using a fiber Bragg grating, while the other sideband
was characterized by an echelle diffractive grating based interrogator. the resolution of the
integrator was better than 1 pm, therefore it was possible to measure the center wavelength
of the sideband accurately. The acquired data, together with the wavelength of the optical
carrier, was then used to calculate the the frequency of the RF tone. Relying on a fiber
Bragg grating, this system exhibits a frequency measurement accuracy of 200 MHz which
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may not be enough for an IFM system. Also a very narrow line-width laser would be
needed to get this accuracy which in practice could increase the cost of the whole system
as well as latency. This laser should also be tunable as it has to scan the band. Although
this system could be employed as a scanning receiver, its low latency makes it difficult to
be utilized as an IFM system.
A technique directly maps the frequency information of the incoming simultaneous
microwave signals to a distinct set of relative time delays utilizing a dispersive medium
was recently demonstrated in [66]. The dispersive medium was a chirped fiber Bragg
grating with a reflection bandwidth of .8 nm and a dispersion on 1000 ps/nm. The mea-
surement of the observed time delay directly equates to the value of the input signal fre-
quency. The operation of this technique was successfully verified for two simultaneous
signals at 20 and 40 GHz with 1.56 GHz error, demonstrating a potential capability for
use in a spectrally cluttered environment.
1.4.5 Summary
In summary, a review of microwave frequency measurement techniques based on photonic
approaches has been conducted. High frequency photo-detectors are needed to achieve
microwave frequency measurement in some cases. Where multiple IFMs are needed, this
approach will not be cost efficient. Also the measurements rely on knowledge of the
microwave signal power, which is always unknown in defense applications. Therefore,
there is still the need to realize RF frequency measurement independent of RF power
level. It would thus be advantageous to implement a cost effective photonic IFM system
which is able to measure both RF power and frequency simultaneously.
1.5 Thesis Objective
Traditionally realized IFM receivers must overcome a number of limitations prior to their
practical use. The main limitations are bulk, complexity, limited bandwidth, narrow tun-
ability and insufficient reconfigurability. The authors of several publications specifically
emphasized the importance of achieving broadband and reconfigurability simultaneously
if these IFMs are to meet their applications [31, 33]. To date, none of the concepts re-
viewed in Section 1.2 have been able to address these limitation adequately and simulta-
neously.
The objective of this work is to propose, evaluate, realize and characterize a photonic
Instantaneous Frequency Measurement receiver with simultaneously broadband and re-
configurable frequency response, while reducing system complexity and cost. A tech-
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nique based on using optical mixers to down convert the RF frequency to be measured,
will be investigated. The design is anticipated to exhibit broader frequency range when
compared to traditional IFM receivers while minimizing complexity and cost. Although
the mixing concept and measuring the DC have been previously used as a method to mea-
sure the frequency, to the best of our knowledge, this is the first time this method is used
to implement a photonic IFM receiver.
1.6 Thesis Overview
This thesis consists of six Chapters. Chapter 2 focuses on photonic implementation of
IFM system. Chapter 2 begins with an overview of frequency measurement in general
and then describes the concepts and configuration of the new photonic IFM receiver. A
reduced cost photonic IFM receiver based on the mixing concept is introduced and devel-
oped. Mathematical models are developed to predict the exact system behavior. A proof
of concept experiment is developed and results validate the proposed concept.
Chapter 3 moves to configure the IFM system with orthogonal measurements, to be
able to measure both RF frequency and power simultaneously while maintaining the main
goals of this work of a low-cost and broadband system. Chapter 3 also focuses on em-
ploying a photonic hybrid coupler to achieve orthogonal measurements. It is shown that
with a slight increase in complexity the system can measure both frequency and RF power
independently.
In Chapter 4, the approach of Chapter 2 is modified to improve the operation of the
IFM receiver. This Chapter seeks to eliminate the limitations of the experiment of Chap-
ter 2 employing all optical mixing. This is done using non-linear devices such as Semi-
conductor Optical Amplifier (SOA) or Highly Non-Linear Fiber (HNLF) as all optical
mixers. This implementation exhibits greatly improved bandwidth, reduces system com-
plexity and improved system stability.
Chapter 5 investigates the sensitivity of the demonstrated systems and improves the
noise floor of the system. Different noise sources and their effect on the performance
of the system sensitivity are identified. Lock-in techniques are employed to improve the
noise floor of the system. A noise floor of -41 dBm is demonstrated for a photonic IFM
system with 10 GHz bandwidth. This sensitivity is comparable to traditional RF IFM
receivers.
Chapter 6 summarize the overall achievement of this research and highlights a path-
way for future work.
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1.7 Original Contributions
The original contributions of this Thesis are as follows:
1. Proposed and demonstrated a photonic Instantaneous Frequency [67] which based
on the calculation of [68]. This design provides insight into the practical issues
encountered when realizing this system.
2. Proposed and demonstrated a method of all non-linear mixing to implement a In-
stantaneous Frequency Measurement Receiver. The method is used a Semiconduc-
tor Optical Amplifier [69].
3. Design and demonstration a wideband microwave photonic Hilbert transformer [70]
which based on the calculation of [71]. This demonstration shows the ability of
photonic signal processing to generate wideband in-phase and quadrature-phase.
4. Design and demonstrated a sensitivity improved Instantaneous Frequency Measure-
ment Receiver [72]. This demonstration is based on employing lock-in technique
and shows the ability to improve noise floor up to -41 dBm .
Chapter 2
Photonic Measurement Instantaneous
Frequency Measurement (IFM) System
2.1 Introduction
Frequency measurement is a critical component of modern electronic warfare systems as
described in Chapter 1. Instantaneous Frequency Measurement (IFM) receivers have been
widely used in electronic warfare for many years. These receivers detect the frequencies
of threat signals. IFMs provide an early indication of threat classification and also suggest
frequency ranges in which to focus more sophisticated spectrum analysis resources.
Rigorous spectrum analysis is usually achieved via a scanning receiver [73]. Here
an extremely narrow oscillator tone is tuned across the measurement band and this is
mixed with the signal. Only the DC component is measured. This scanning process
is very precise and has exceptional noise rejection, but it is essentially serial in nature.
It is possible that a smart threat could operate only when the scanning receiver is not
looking at a particular frequency. In this case the threat might be missed. To ensure
a 100% probability of intercept, a technique must be able to monitor the full spectrum
continuously and identify potential threat signals instantaneously. Since identifying the
exact frequency spectrum of a threat could require a significant scan time, it is important
to narrow the frequency range to reduce the scan time as much as possible. Scanning
receivers could then be used to find the exact RADAR threat spectrum. Having the exact
spectrum of the threat, it is possible to pattern match this spectrum against a database of
known threats to obtain a recommended countermeasure and to take further appropriate
action to mislead the threat.
Figure 2.1 shows a missile (threat) targeting an aeroplane being guided by a RADAR
on a tank. An IFM receiver is required to instantaneously detect the RADAR signal and
direct counter measures to mislead the RADAR. Although IFM systems are common in
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Figure 2.1: The asset (Aeroplane) is being threaten by a threat (missile) being guided by
a RADAR.
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traditional RF systems, they can have significant limitations. Microwave photonics can
help, but systems proposed thus far require expensive high frequency, photo-detectors.
This Chapter investigates the possibility of realizing an IFM receiver using photonics,
but in a way that only requires inexpensive low-frequency photo-detectors.
For clarity, the operation of IFM receivers and the types of these receivers are first
reviewed in Section 2.2. Both passive and active versions of IFM are identified and mi-
crowave photonic IFM receivers introduced as a solution to the bandwidth limitation. In
Section 2.3 a new microwave photonic IFM concept is introduced based on using opti-
cal modulators as mixers to enable the use of low frequency photo-detectors, in order to
reduce the system cost. A photonic IFM system based on this new concept is designed,
modelled and demonstrated practically in Section 2.4. Section 2.5 proposes and demon-
strates a high frequency version of this low-cost photonic IFM system. Section 2.6 draws
conclusions on the practicality of the proposed photonic IFM system and suggests the
research focus required for subsequent Chapters. The findings of this Chapter have been
published in [67, 68].
2.2 IFM Concept
Traditional IFM systems have been in use for more than 55 years [74]. Traditional RF
implementations can be limited in terms of bandwidth, bulk, and cost. Specifically, im-
plementing some components such as wideband splitters and delays is difficult in the RF
domain as discussed in Section 1.2.
To understand the limitations and opportunities for IFM systems it will be valuable to
review reported implementations. There are two main types of IFM receivers. They can
be divided in passive and active versions.
2.2.1 RF Passive IFM
Figure 2.2 shows a simple block diagram of an electronic IFM. An RF signal vin(t) is re-
ceived from an antenna. This signal is then split into two equal portions using a wideband
power splitter. One portion is time delayed by amount τ , relative to the other portion.
Both portions are then summed with a combiner. The output of the combiner will be an
RF signal with an amplitude that depends on frequency. To gain insight into the IFM
operation it will be useful to describe it mathematically.
The input signal can be described as :
vin(t) = V◦ cosΩt (2.1)
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Figure 2.2: Passive RF IFM receiver
where V◦ and Ω are the amplitude and angular frequency of the RF signal, respectively.
The RF signal is then divided into two equal portions using an RF power divider. The
voltage at each output of the power divider can be described as:




The first portion v1(t), is then delayed by amount τ relative to the second portion v2(t).
Thus:
v1(t− τ) = V◦√
2
cosΩ(t− τ) (2.3)
The two portions are then summed together using a combiner. The summed signals can

















This output signal is a tone at frequency Ω with amplitude of
√
2V◦ cos Ωτ2 . This am-
plitude oscillates with frequency and thus, provided τ is chosen such that the amplitude
traces a single period over the desirable frequency range, it is possible to measure the RF
frequency by measuring the amplitude of the output signal.
However, to be able to measure the amplitude of this RF tone, an RF power meter must
be employed. The RF power meter must measure the amplitude at the frequency of the
threat signal (Ω). This may place limitations on the IFM system, especially at ultra high
frequencies (40 GHz). Therefore it would be advantageous to develop an IFM system
which provides low frequency signals at the output.
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Figure 2.3: Block diagram of a Mixed IFM system.
2.2.2 RF Active/Mixed IFM
In this Section a simple IFM system is presented which uses a DC voltage to measure RF
frequency therefore, eliminating the need of using an RF power meter.
Figure 2.3 shows a block diagram of a simplified active IFM system. Similar to the
system of Section 2.2.1 and Figure 2.2 a single RF tone vin(t) is divided into two equal
portions. One portion is delayed relative to the other by time τ . The two portions are
then multiplied together. The result is then low-pass filtered. The advantage is that the
output should be a DC signal regardless of the RF threat frequency. Hence very simple
electronics can be used for detection.
Again to gain further insight it will be valuable to describe IFM operation mathemat-
ically. The RF tone can be described as :
vin(t) = V◦ cosΩt (2.6)
where V◦ and Ω are the amplitude and angular frequency of the RF tone, respectively. The
RF tone is divided into two equal portions using a wideband power divider. Therefore the
voltage at each output of the power divider can be described by:




The first portion v1(t), is then delayed by amount τ relative to the second portion v2(t).
Thus:
v1(t− τ) = V◦√
2
cosΩ(t− τ) (2.8)
Unlike the configuration of Figure 2.2 the two portions are then multiplied together. The




V 2◦ cosΩt× cosΩ(t− τ) (2.9)
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Using trigonometric relations, Equation (2.9) can be written as:
1
4
V 2◦ cosΩ(2t− τ) +
1
4
V 2◦ cosΩτ (2.10)
A low-pass filter, removes the high frequency term 1
4
V 2◦ cosΩ(2t− τ). The remaining




V 2◦ cosΩτ (2.11)
This voltage varies with input RF frequency (Ω), but is not time dependent, hence can
be measured using a DC voltmeter. This removes the need for a broadband power meter
significantly reduce the cost and complexity of the receiver electronics. However, this
IFM system requires a broadband mixer. As discussed in Chapter 1 implementing such
mixers and delays could be challenging in the RF domain.
2.2.3 Practical IFM Systems
Figure 2.4: The response of a bank of 3 photonic IFM systems which gives 3 bits of
resolution.
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As Equation (2.5) and Equation (2.11) indicated, the response of the IFM receivers are
periodic; therefore, employing only one IFM receiver is not practical if high resolution,
multi octave measurements are required. Frequencies within different periods may be
indistinguishable. This limitation can be overcome by using banks of IFMs.
Figure 2.4 shows the concept of a bank of IFMs sytems which could be used to mea-
sure an RF frequency in a 0.5-20 GHz frequency range. Each IFM system is designed to
cover a particular frequency band. This is done using different delays inside each inter-
ferometer. Each IFM is designed such that it exhibits responses with decremented band-
width. The system works based on narrowing the frequency detection region. The first
IFM (dashed curve) determines whether the RF frequency is more or less than 5 GHz.
The second IFM (dotted curve) then determines whether the RF frequency is below or
higher than 2.5 GHz (in a 5 GHz frequency range). Finally the third IFM (solid curve)
determines if the RF frequency is less or higher than 1.25 GHz (in a 2.5 GHz frequency
range). This could be continued until the desired resolution is achieved.
Banks of IFMs are also required if multiple RF tones are present simultaneously. In
this case the same numbers of IFMs are required as separate tones that must be identical.
2.2.4 RF IFM Example
A high resolution IFM receiver employing multiple interferometers has been reported in
the literature. A five bit superconductive digital IFM subsystem has been demonstrated
in [75, 76]. It has a center frequency of 4 GHz and a bandwidth of 500 MHz. The
subsystem contained a cryogenic section with five discriminator modules utilizing su-
perconductive delay lines, GaAs mixers, and power dividers. The subsystem also had a
room-temperature GaAs limiting amplifier and a silicon postprocessor.
As evident from [75, 76] traditional IFM receivers can be implemented using inter-
ferometers formed from microwave hybrid couplers and RF delay lines. Such imple-
mentations can be challenging in the RF domain requiring fairly exotic superconductive
elements and hybrid GaAs technology, even to obtain the modest bandwidth reported.
RF systems may also incur unwanted radiation at the higher frequencies (10 GHz) which
occur inside microwave devices, and can be bulky as well. The dispersive nature of the
microwave devices further limit their frequency range. Microwave photonics may have
the ability to overcome these problems and thus some research effort has been employed
to achieve microwave photonic IFMs.
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Figure 2.5: Block diagram of the photonic IFM system.
2.2.5 Microwave Photonic IFM
Microwave photonics can handle ultra broad bandwidths (40 GHz and beyond) and may
overcome some of the limitations identified with traditional RF systems. In particular
attempts have been made to realize photonic IFMs systems in order to harness the broad-
band features of photonics.
Attempts have been reported to realize a photonic IFM system [56, 77]. Figure 2.5
shows an experimental diagram from one recent investigation into photonic IFMs . A RF
tone was provided by an RF signal generator. A laser diode (LD) provided the optical
carrier. The RF signal and the optical carrier were mixed using an MZM. At the output of
the MZM there was an interferometer. Consisting of a 3dB optical splitter, optical delay
lines and a 3dB optical combiner. The output signal of the MZM was equally divided in
to two portions by the 3dB optical splitter. One portion was delayed with respect to the
other by the optical delay line. The two portions were then combined by the 3dB optical
combiner. The signal was then detected by a broadband photo-detector and the RF signal
amplitude was measured using an RF power meter.
Comparing this photonic example with the RF passive IFM in Section 2.2.1 (Fig-
ure 2.2), it is evident that the two systems are similar. The RF signal splitter is replaced
with the 3dB optical splitter. For the delay, instead of using the RF delay lines, optical
delay lines were used. These optical devices have GHz and even THz bandwidth, low
weight and low-cost. A 3dB optical combiner was used instead of the RF coupler to sum
the signals. Since the system is equivalent to a passive IFM receiver, an RF power meter
must be employed to measure the output of the broadband photo-detector.
As discussed in Section 2.2.4, there is a need for banks of these IFMs in order to make
high resolution measurements over broad bandwidths and identify multiple tones. Due to
the high cost of broadband photo-detectors, implementing banks of these devices would
be prohibitively expensive. As discussed in Chapter 1, IFM should be cost effective;
therefore, it would be advantageous to implement an IFM system that requires only low
frequency photo-detectors and thus becomes inexpensive.
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Figure 2.6: Block diagram of the bank photonic IFM system.
2.3 Photonic Mixed IFM Concept
The aim of this Section is to implement a photonic IFM receiver, which is comparable in
performance with existing IFM receivers but requires only low-cost photo-detectors. This
system will inherit the cost effectiveness from the mixed IFM system of Section 2.2.2 and
the broad bandwidth from photonics of Section 2.2.5.
Figure 2.7 shows a block diagram of the proposed photonic IFM system. An RF tone
is divided into two equal parts. The first part modulates an optical carrier (Figure 2.7 inset
a)). Therefore two sidebands are added to the optical carrier (Figure 2.7 inset b)). The
Figure 2.7: Block diagram of the proposed photonic IFM system.
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modulated optical carrier then experiences a delay of τ which causes a phase rotation of
θ = Ωτ on the sidebands, where Ω is the RF tone angular frequency (Figure 2.7 inset
c)). This signal is then re-modulated by the second portion of the RF tone and as a result,
each sideband becomes the carrier of its own sidebands (Figure 2.7 inset d)). Using a
DC detector, only the optical power is detected; however, the optical carrier has two
phase shifted sidebands coherently summed with it. The power may thus be increased or
decreased depending on the phase of the sidebands. Since the sideband phase shift (θ) is
frequency dependent, the amount of DC voltage at the output of the DC photo-detector is
also frequency dependent. This system should thus enable frequency measurement with
only DC detection.
2.3.1 Photonic Mixed IFM Model
To gain a better understanding of the proposed system of Figure 2.7, a simple mathe-
matical model is developed in this Section. The simple aspect of the model is that ideal
elements are used. The optical carrier e(t) can be expressed as:
e(t) = E◦ejω◦t (2.12)
where E◦ and ω◦ are the amplitude and angular frequency of the electrical field of the
optical carrier. The RF tone vin(t) can be written as:
vin(t) = V◦ cosΩt (2.13)
where V◦ and Ω are the amplitude and angular frequency of the RF tone. The RF tone is
divided equally into two portions, therefore the voltage of each portion can be written as:









The modulated carrier (Equation (2.15)) is then delayed by τ , and thus can be written as:
e1(t− τ) = 1√
2
E◦V◦ejω◦(t−τ) cosΩ(t− τ) (2.16)
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jω◦(t−τ) cosΩ(t− τ)× cosΩt (2.17)
At the output an envelope detector measures the power. The output signal from this
envelope detection is thus:
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◦ cos 2Ωτ (2.21)
Equation (2.21) clearly shows the frequency dependence of the DC output of the detector,
and also shows the DC output has a cosine shape and is in proportion to the optical power.
This DC output could thus be used to measure the RF frequency.
Having conceived a mixed IFM system that could be implemented photonically, it is
now possible to develop a practical photonic mixed IFM system that is able to measure
RF frequencies using DC photo-detectors.
2.3.2 Practical Photonic IFM System Configuration
This Section aims to implement the configuration of Figure 2.7 as a practical system.
Figure 2.8 shows the experimental setup of the proposed photonic IFM system. The input
signal was provided with an RF signal generator, which was divided equally into two
parts using an RF Wilkinson power divider feeding the two arms of the IFM system. One
part of the RF signal was input to the first MZM (MZM1). This signal was then mixed
with the optical carrier which was provided by a laser diode (λ1). The modulated optical
carrier then experienced a delay through a length of optical fiber. The second part of the
RF signal was input to the second MZM (MZM2) at the far end of the optical delay. The
re-modulated signal was then amplified using an EDFA and filtered using an AWG to
remove unwanted spontaneous emission introduced by the EDFA. The DC output signal
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Figure 2.8: Experimental setup of proposed photonic IFM system
was then detected by a photo-detector. The electrical output was low-pass filtered and
recorded using a digital voltmeter.
Having conceived a practical photonic IFM system configuration, a more realistic
theoretical model should be developed to accurately predict the frequency dependence
of the DC term of the photo-detector output voltage as a function of predicted system
parameters.
2.3.3 Practical Photonic IFM Model
As with previous sections, further insight into the system of Figure 2.8 will be gained by
describing its operation mathematically. The aim of this Section is to develop an accurate
model predicting the components that determine the value of DC output of the photo-
detector of the system of Figure 2.8.
The single RF tone can be written as:
vin(t) = V◦ cosΩt (2.22)




is the amplitude of the RF tone, where Zin is the input impedance of MZM1 and PRF
is the RF input tone power present at the RF port of MZM1. The RF tone modulates an
optical carrier which can be described as:
e(t) = E◦ejωt (2.24)
where E◦ and ω are amplitude and angular frequency of the electrical field of the opti-
cal carrier respectively. Provided MZM1 operates in push-pull mode (ideally with zero
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where L1 is the loss of MZM1 including fiber patch, VB1 is DC bias of MZM1 , and Vpi1































In order to isolate the frequency components of the Equation (2.26) a Fourier decomposi-
tion is used. The following equations are useful:




cos(a sinΩt) = 2
∞∑
m=1
J2m+1(a) cos(2m+ 1)Ωt (2.28)
where Jk is the Bessel function of the first kind. Defining a = piV◦2Vpi1 and substituting



























To simplify Equation (2.29), note that distant threat signals have low power, therefore
contribution of harmonics components is insignificant except the fundamental at Ω and




















Equation (2.30) is the closed form of the output electrical field of the MZM1 which only
includes the fundamental and DC components.




















This optically delayed signal is then input to MZM2 where it is multiplied by the RF tone
again. This RF tone has been delayed through a length of co-axial cable. The time delay τ
depends on the relative delay between optical fiber path and co-axial cable path as shown
in Figure 2.8. To express mathematically the relative phase difference is labelled φ(Ω).
Note that due to dispersion of the co-axial cable, φ(Ω) can be a nontrivial function of RF
frequency resulting in frequency dependent delay. Therefore the second portion of the RF
signal present at the input of MZM2 can be described as:
1√
2
M(Ω)V◦ cos[Ωt+ φ(Ω)] (2.32)
where M(Ω) is the absolute magnitude response of the RF Path and φ(Ω) is the phase
response of the RF Path relative to the Optical Path. For brevity M and φ will be used
instead of φ(Ω) and M(Ω), respectively.
































= ejωt[A+B cos(Ωt+ φ)][C +D cosΩt] (2.33)

































This signal of Equation (2.33) is detected by the photo-detector and the output voltage
can be described as:
v(t) = rZPDGPD e2(t)× e2(t)∗ = rZPDGPD[A+B cos(Ωt+ φ)]2[C +D cosΩt]2
(2.35)
where ZPD, r and GPD are output impedance, responsivity and gain of the photo-detector
respectively. Since the DC component of the output voltage of the photo-detector is of
interest, it is necessary to expand Equation (2.35).
v(t) = rZPDGPD
[




























The DC component of the photo-detector output voltage can be isolated by taking the

















This equation shows that the DC part of the output voltage of the photo-detector consists
of a constant DC offset and also some frequency dependent terms. To establish the relative
scales of these components and the system parameters that they depend on, some simpli-
fications can be made. The same half-wave voltage is assumed for MZM1 and MZM2




















Also making the small signal approximation piV◦
2Vpi
¿ 1 and since transmission through the
RF cable does not supply gain, thus M < 1:















Therefore, Equation (2.34) can be simplified as:




























Further simplification is possible by noting the small signal approximation piV◦
2Vpi
¿ 1, and
since M < 1, infers that A À B, therefore A4 À 1
4
M2B4, and 2MA2B2 À 1
8
M2B4.










Assuming the modulators have identical loss L1 = L2 = L. A factorG can be defined,
G = rGPDL
2 (2.43)









































which is a function of the laser power and is independent of the input RF power and








which is a function of both optical and RF powers. In theory it should be independent of
RF frequency but as the RF cable has a frequency dependent loss M(Ω), this term also







which is a function of both optical and RF powers and is also sinusoidal function of the
phase delay φ. The term φ(Ω) is proportional to the RF frequency and is the term that
should be measured.
If the system has identical loss for both the optical path and the RF path then M=1.
















Figure 2.9: Predicted photo-detector DC voltage.
To gain insight into the behavior of the IFM system described by Equation (2.50),
typical values are provided as follows: P◦=5.4 dBm, PRF=13 dBm, Zin=ZPD=50Ω, Vpi=5,
L=2.345Km which correspond to τ=8.93µs, and the factor G was calculated to be 1.2.
Figure 2.9 shows the prediction result. A sinusoidal relationship is superimposed on
a DC offset. In this example, frequency measurement could be made between 20.02 and
20.07 MHz. This narrow frequency range is due to the long length assumed for the optical
fiber delay (τ ). The example does show however that a frequency measurement system
should be possible with the configuration of Figure 2.8. In the next Section the proof of
concept will be implemented and characterized.
2.4 Photonic IFM Proof of Concept Demonstration
Having established a relationship in Section 2.3.3 between the DC output voltage of the
photo-detector and input RF frequency for the practical mixed photonic IFM system of
Figure 2.8, it should now be possible to demonstrate frequency measurement for the pro-
posed mixed photonic IFM system of Figure 2.8.
The system was configured as depicted in Figure 2.8, the laser power was set to P◦=5.4
dBm and the EDFA gain was maximized (20 dB). An Arrayed Waveguide grating (AWG)
with channel width of 0.8 nm was used as the optical filter. RF Signal powers of 10 dBm
and 13 dBm were used at the input, Separate measurements were taken. The DC voltage
was measured at the output as a function of frequency. Figure 2.10 presents the measured
results obtained for this system along with the predicted response of Equation (2.50). Ex-
cellent agreement is evident.
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Figure 2.10: Measured and predicted photo-detector DC voltage.
Figure 2.11: Measured frequency vs. input frequency.
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The DC level measured at the output can clearly be seen to vary sinusoidally as the input
frequency is varied. The oscillation period and amplitude are also very close to those
predicted by Equation (2.50) thus this model is validated.
The voltage from Figure 2.10 must be interpreted to predict the input frequency. Equa-
tion (2.50) can be used to calculate frequency Ω since:
φ = Ωτ (2.51)
Due to the oscillatory nature of Equation (2.50), unambiguous frequency measure-
ment is only possible within each half a period of Figure 2.10. The inverted responses
are presented in Figure 2.11. Excellent agreement between interpreted measurement and
actual frequency is evident. The systems shows the ability to measure frequencies in the
frequency range of 20-20.06 MHz.
2.4.1 Discussion
In this Section a mixed photonic approach to measure the frequency of RF signals using
only DC photo-detectors was achieved. An experiment along with a comprehensive theo-
retic model was developed to demonstrate the functionality of the proposed system. The
system exhibited a DC voltage which was a function of frequency. The output require a
measurement of DC optical power only enabling the use of low-cost photo-detectors.
The demonstrated system was only able to measure RF frequencies in the MHz range.
This was attributed to the large length difference between the optical and RF paths. It is
desirable to measure the higher frequency range up to 40 GHz. To achieve this, the dif-
ferential time τ should be decreased (Figure 2.7). One approach would be to introduce an
RF delay to the system which will compensate for the optical delay. Having established
the need for a higher frequency measurement, the next Section will explore how a GHz
frequency measurement can be practically achieved.
2.5 High Frequency IFM System Demonstration
The aim of this Section is to implement a high frequency mixed photonic IFM system.
Figure 2.12 shows the experimental setup of the proposed high frequency mixed photonic
IFM system. This setup is similar to Figure 2.8 but has a length of co-axial cable inserted.
Due to the significant RF losses at 10 GHz plus frequencies the optical path has also
been made as short as possible such that the RF cable can also be as short as possible to
compensate.
As in Section 2.3, an RF signal generator produced a single RF tone which was divided
equally into two portions using an RF Wilkinson power divider feeding two arms of the
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Figure 2.12: Experimental setup of proposed photonic IFM system
IFM system. These two arms were labelled the ”Optical Path” and the ”RF Path” on
Figure 2.12. The RF tone in the Optical Path was input to MZM1 which was biased at
quadrature. An optical carrier with wavelength of λ1 produced by a laser diode. This
carrier was modulated by MZM1, then the modulated carrier traversed the fiber patch
cord and experienced an optical delay. The second portion of the RF tone entered the
RF Path and was delayed using a length of co-axial cable. The delayed RF signal was
input to a second modulator MZM2 (biased at quadrature) which modulates the optical
carrier a second time. The twice-modulated signal was then detected by a photo-detector.
The output of the photo-detector was then low-pass filtered and measured by a DC digital
voltmeter.
This system can be modelled as discussed in Section 2.3.3; however, in this case,
the phase (φ) and the amplitude (M ) response of the co-axial cable cannot be trivialized.















It should now be possible to demonstrate frequency measurement; however, as each pa-
rameter in Equation (2.52) is known, except for the RF path parameters M , and φ, these
parameters must first be empirically characterized.
2.5.1 RF Path Characterization
As Equation (2.52) suggests, to predict the DC voltage of the photo-detector, it is nec-
essary to know the absolute magnitude response of the RF Path (M ) and phase response
of the RF Path relative to the Optical Path (φ). Due to dispersive nature of the co-axial
cable, the frequency dependence of (M ), and (φ) will be non-trivial, and therefore must
be measured empirically.
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Figure 2.13: Experimental setup for the RF Path characterization.
To measure the amplitude (M ) and phase response (φ) of the co-axial cable, the system
was configured as shown in Figure 2.13. The laser wavelength and power were set to
λ1 = 1550 nm and P◦ = 11.7 mW (10.7 dBm) respectively. The factor G was calculated
to be G = 1.2. The input impedance of both MZMs (Zin) and the output impedance of
the photo-detector (ZPD) were 50 Ω. The Vpi of the both MZMs was 5V.
A Vector Network Analyzer (VNA) was used to characterize the RF Path. To measure
the phase difference (φ) of the RF Path relative to the Optical Path, Port 1 of the VNA was
connected to the input of Wilkson power divider and Port 2 of the VNA was connected to
the output of the photo-detector. The VNA was then calibrated while the two ends of the
co-axial cable were disconnected and replaced by two matched loads.
The co-axial cable returned while the input of MZM1 was disconnected and the
Wilkinson power divider terminated with a matched load. The VNA then measured the
phase response of the RF Path with respect to the Optical Path (φ). The absolute response
of the RF Path (M ) was also measured by the VNA no referenced back to the Optical
Path.
Figure 2.14 shows the measured magnitude of the forward transmission of the RF
Path. The magnitude response decreased with increasing frequency. A resonance point
at a frequency of 5.5 GHz is evident which can be attributed to the onset of higher order
modes in the co-axial cable. To use these measurements in the experiment, it had been
ensured that the cable was completely mechanically immobilized as the resonance fre-
quency could vary due to vibration. Figure 2.15 shows the measured phase of the RF Path
relative to the Optical Path. The phase response was almost linear over the whole band
although there are some deviations for frequencies higher than 5.5 GHz.
The results of Figure 2.14 and Figure 2.15 show that the amplitude and phase of the
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Figure 2.14: Absolute magnitude response of the RF Path.
Figure 2.15: Phase response of the RF Path relative to the Optical Path.
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RF Path were well-behaved below 5 GHz, and importantly, that the relative phase between
the paths had an almost linear dependance on frequency in that range. The system should
thus be suitable for frequency measurement in the 0-5 GHz frequency range.
2.5.2 IFM Characterization
Figure 2.16: Measured and predicted photo-detector DC voltage.
Having established all of the parameters in Equation (2.52), the operation of the IFM
system was then demonstrated. The system was configured as depicted in Figure 2.12
with λ1 = 1550 nm, P◦ = 11.7 mW , G = 1.2, and PRF = 8mW as used in the RF Path
characterization. The DC voltage was measured as a function of RF input frequency as
presented in Figure 2.16.
Clear oscillatory behavior was observed as predicted. Attenuation of the envelope
is evident towards high frequency. The response predicted using Equation (2.52) is also
presented in Figure 2.16. Excellent agreement is evident. The attenuation observed is also
predicted by Equation (2.52) and thus this attenuation can be attributed to the RF loss in
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Figure 2.17: Measured frequency vs. input frequency.
the co-axial cable and the frequency response of the MZMs. Therefore, the sensitivity at
lower frequencies would be better.
To perform the frequency measurement, a look up table was generated using Equation
(2.52) and the empirically measured co-axial cable magnitude and phase response (M
and φ) of Figure 2.14 and Figure 2.15. This table mapped each measured voltage to
an input frequency. This look-up table was then used to invert the response to find the
input frequencies that correspond to measured DC outputs. Due to the oscillatory nature
of Equation (2.52), unambiguous frequency measurement was only possible within each
half a period of Figure 2.16. Therefore, there were nine distinct bands within which
conclusive frequency measurement was possible.
Figure 2.17 presents the inverted response for each of these bands. Excellent agree-
ment between interpreted measurement and actual frequency is evident. Due to the zero
gradient at peaks and nulls of Equation (2.52), sensitivity is less at the these frequen-
cies. Deviation observed around 6 GHz can be attributed to the non-ideal behavior of the
co-axial cable.
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Figure 2.16 shows that oscillations in Equation (2.52) can be detected up to about
10 GHz. Beyond this frequency, losses in the co-axial cable become excessive, damping
the oscillations. The co-axial cable in this demonstration was over 5m long to match the
length of the optical fiber patch cords. The RF losses could be reduced by making both
Optical and RF Paths shorter. In the simulations, it was assumed that both MZMs used
in the setup were identical; however, in practice, there may be slight different param-
eters such as Vpi. This could result in some small discrepancies between the measured
and predicted results. Also as time passes drifts in modulators biases could account for
errors in the measurements. Bias controllers could be employed to ensure no MZM bias
drift. An integrated system could have path lengths in the order of only millimeters and
would significantly improve the upper limit of frequency measurement and also mini-
mize sensitivity to vibration and thermal fluctuations. The fractional bandwidth of the
measurement window could be extended by decreasing the relative delay between the RF
Path and the Optical Path which will increase the period of oscillation in Equation (2.52)
and Figure 2.16. This way, it would be possible to cover the whole desired frequency
measurement range by only one band and thus the frequency measurement would be con-
clusive within 1-10 GHz frequency range. This however, would reduce the gradient and
hence the sensitivity.
2.5.3 Summary
In this Section a photonic approach to measure high frequency (GHz) RF signals was
demonstrated. The experimental setup of Section 2.3.2 was modified to achieve high
frequency measurement. This was done by adding an RF delay using a length of co-
axial cable to compensate the optical delay. The mathematical model of Section 2.3.3
was modified to predict the behavior of the system accurately considering the frequency
dependent characteristics of the co-axial cable. The system was then characterized to
demonstrate the high frequency performance. The system exhibited a DC voltage which
was a function of frequency and measurements were performed using only a low-cost,
low-frequency photo-detector. Since in practical RADAR warning receivers, a bank of
IFMs is required. Therefore increasing the number of IFMs requires an increase in the
number of photo-detectors, this would reduce the cost of the whole system. The sys-
tem had a frequency measurement range of 1-10 GHz. This shows the ability of mi-




In this Chapter, a novel technique was demonstrated to implement a photonic IFM re-
ceiver which uses only low-cost DC photo-detectors. By using the concept of mixing,
this photonic configuration was able to exhibit a frequency dependent DC output. This
enables high frequency measurement using low frequency and thus inexpensive photo-
detectors. This design is specifically important if there is a need to implement a bank
of IFMs to identify multiple threat signals independently or resolve threats spectra with
increased precision over a broad bandwidth. The previously demonstrated system needed
expensive broadband photo-detectors. As stated in Section 2.3.3 the mathematical model
describing he behavior of the system, was based on small signal assumptions. Since dis-
tant threats signals are of low power nature. For larger threat signals the small signal
assumption are no longer valid; however, since the final measurement is based on a look
up table this does not affect the performance of the system. To predict the dynamic range
of this IFM system the large signal behavior describing by Equation (2.29) should thus be
used.
The system demonstrated in this Chapter exhibited a frequency range of 1-10 GHz.
This limitation was due to the fact that a co-axial cable used in the system introducing
an RF delay to match the photonic delay. The co-axial cable had a relatively long length,
which caused a high loss for frequencies higher than 10 GHz. Therefore the system could
still suffer from the RF domain limitations such as frequency dependent loss.
Another disadvantage of the system is that the output measurement depends on both
RF signal frequency and amplitude. A single measurement could not isolate these two
unknowns and thus another set of measurement is required in order to independently
measure the RF frequency and RF power.
These two identified limitations of the demonstrated system will be addressed in the
following Chapters. Chapter 4 examines an all optical mixed IFM that eliminates the co-
axial cable and thus significantly extends the system bandwidth and sensitivity at higher
frequencies. Chapter 3 introduces a photonic hybrid coupler based on Hilbert transform
concept to achieve two orthogonal measurements. This enables independent quantifica-






Chapter 2 introduced and demonstrated a new photonic IFM system, which could mea-
sure RF frequencies in the GHz range that required only low-cost DC photo-detectors.
One disadvantage of the photonic IFM system was the RF power dependence of the out-
put voltage. Practical use of this system for RF frequency measurement would require
knowledge of the RF power level and this may not be practical in the Electrical War-
fare environment. As there are two unknowns (RF frequency and RF power), two mea-
surements are required to measure the RF frequency, independent of RF power. These
two measurements should also be orthogonal to enable independent frequency and power
measurement.
Since a parallel research was being conducted at RMIT university on photonic hybrid
coupler [8], this Chapter focusses on employing a photonic hybrid coupler to implement
a photonic IFM system with orthogonal measurement. To gain more insight, a theoretical
transfer function model is derived in Section 4.2. In Section 4.3, an alternate photonic
hybrid coupler approach using a transversal filter scheme is proposed and practicality
demonstrated. In Section 4.4 a different approach is used to implement a photonic hybrid
coupler using a cascaded grating to improve the latency of the system. This system is
practically demonstrated and employed to achieve two sets of orthogonal measurements
in the photonic IFM system of Chapter 2, enabling a demonstration of the independent
measurement of frequency and amplitude.
38
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Figure 3.1: Block diagram of an IFM system with two orthogonal signals.
In Section 4.5 a photonic IFM system is developed and practically demonstrated which
is capable of producing two orthogonal measurements. Conclusion are drawn on the
practically of the proposed system in Section 4.6. The outcome of this work has been
published in [70, 78].
3.2 Orthogonal Measurement
Section 2.3 defined an accurate model for the photonic IFM system. This model is sum-
marized in Equation (2.45). Although Equation (2.52) establishes a relation between a DC
voltage and frequency, this DC voltage is also a function of input RF power. This makes
independent measurement of frequency and power impossible. To solve this problem, two
orthogonal measurements are required to independently establish both frequency and RF
signal level.
Several IFM systems have been reported incorporating orthogonal measurements [30,
31, 33, 38, 39]. One possibility is presented in Figure 3.1. A single RF tone is divided
into two equal portions feeding two modules; Module 1 and Module 2. The configuration
within each module, is similar to that described in Section 2.2.2.
In each module the input RF tone is divided into two equal portions. One portion is
delayed relative to the other by time τ and the two portions are then multiplied together
and the output is low-pass filtered. The DC output of each module is a sinusoidal function
of frequency. In this case however, a 90◦ phase shift is introduced in one arm of Module 2
causing its output to have a sine response while Module 1 has a cosine response. Note that
sine and cosine functions are orthogonal. This system should thus enable independent
measurement of RF frequency and power. One possibility is to define the outputs of
Module 1 and Module 2 to provide a cotangent relation which depends only on the RF
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frequency and is independent of power.
Having conceived an orthogonal IFM system, a mathematical model is developed to
show that the two outputs of the IFM system are indeed orthogonal. The single RF tone
can be described as:
vin(t) = V◦ cosΩt (3.1)
where V◦ and Ω are the amplitude and angular frequency of the RF tone, respectively.
As the input is divided into two equal portions, the portions present at the input of both
modules can be written as:




Each portion is further divided by two equal portions within both modules. Thus the








At Module 1, one portion is delayed by amount of τ respect to the other arm, therefore









where v1,1(t) and v1,2(t) are the upper and lower voltages present at the input of the





V 2◦ cosΩ(t− τ)× cosΩt (3.6)
where vm1(t) is the output of the multiplier of the Module 1. Using trigonometric rela-




V 2◦ [cos Ω(2t− τ) + cosΩτ ] (3.7)
This voltage is then low-pass filtered. Therefore at the output of the low-pass filter of




V 2◦ cosΩτ (3.8)
where VDC1(Ω) is the total voltage present at the output of Module 1. Note that VDC1(Ω)
is a function of angular frequency Ω and is not time dependent as it is a DC term.
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Module2
At Module 2, one portion is phase shifted by 90◦ (pi
2
) and delayed by time τ respect to the








− τ) = −1
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where v2,1(t) and v2,2(t) are the upper and lower voltages present at the input of the




V 2◦ sinΩ(t− τ)× cosΩt (3.11)
where vm2(t) is the output of the multiplier of the Module 2. Using trigonometric rela-
tions, Equation (3.11) can be simplified as:
vm2(t) = −1
8
V 2◦ [sinΩ(2t− τ)− sinΩτ ] (3.12)
This voltage is then low-pass filtered. Therefore at the output of the low-pass filter of
Module 2, the first term of Equation(3.12) will vanish and only the DC term of Equa-




V 2◦ sinΩτ (3.13)
where VDC2(Ω) is the total voltage present at the output of Module 1. Again, note that
VDC2(Ω) is a function of angular frequency Ω and is not time dependent as it is a DC
term.








Equation (3.14) is a function of RF frequency but is independent of the RF tone am-
plitude (V◦). This establishes an amplitude (V◦) independent relationship between the
IFM output signal and the input RF frequency. Once the determined frequency has been
established, the amplitude can also be measured using the output of either Module 1 or
Module 2 via either Equation (3.8) or Equation (3.13). As the output signals are DC terms,
this system can be implemented using low-cost, low-frequency photo-detectors while still
enabling broadband frequency measurement.
Having demonstrated the mathematical concept of orthogonal measurement, it is now
possible to develop a photonic IFM system which exhibits two orthogonal measurements.
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Using this system it should be possible to independently measure the RF frequency and
power. As discussed in Chapter 2 realizing a 90◦ phase shift over a broad frequency range
could be challenging in microwave domain. Recently a broadband microwave photonic
90◦ hybrid coupler has been developed at RMIT university [8, 70]. It should thus be
possible to use this phase shifter in the photonic IFM system of Chapter 2 to achieve two
orthogonal measurements.
3.3 Photonic Hybrid Coupler
Quadrature hybrid couplers are important microwave components being used widely in
microwave circuits and equipments. They have two outputs which one of them provides
a 90◦ phase shifted signal relative to the other output (reference output).
As discussed in Section 3.2 a wideband 90◦ phase shift is required to implement an
IFM system with orthogonal measurement which could be challenging in the microwave
domain [36].
As stated in Section 1.3, microwave photonic facilitates processing the amplitude and
phase of wideband microwave signals which result in realizing different types of photonic
filters. Since quadrature hybrid couplers exhibit constant amplitude with 90◦ phase shift,
they can be categorized as filters. A photonic filter shall then be used to implement a hy-
brid coupler in the photonic domain. Through various types of photonic filters, transversal
filtering seems to be a good candidate since it is highly reconfigurable and frequency ag-
nostic, for example the same system could be used to achieve a notch filter in both MHz
or GHz frequencies.
In this Section, the optical hybrid coupler of [8] is reviewed. This coupler should
achieve broad bandwidth, low ripple, and does not require input/output matching network
[8]. This hybrid coupler can be employed to achieve orthogonal measurement required
for the photonics IFM system.
3.3.1 Transversal Hybrid Coupler






the corresponding frequency response will be:
H(jω) = −jsgn(ω) (3.16)
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which has constant amplitude and a frequency independent 90◦ phase shift relative to the
input. For ideal system performance with infinite, bandwidth, the impulse response must
be an infinite continuous time signal. In reality, this is impractical, and thus the impulse
response must be truncated in time. Windowing techniques are usually employed to re-
duce distortions of the system frequency response due to Gibes effect caused by abrupt
truncation. In practice, the window used can be manipulated to optimally trade off ripple
and bandwidth [79]. In addition, the impulse response exhibits negative time; therefore
practical implementation of the hybrid coupler would require a reference which is de-
layed with respect to the transformed components as shown in Figure 3.2. The impulse
response must also be sampled by discrete taps which are effectively delta functions in
time. Sufficient samples must be included to avoid aliasing distortion. Having chosen a fi-
nite number of discrete taps as samples, the exact number of taps and appropriate window
must be designed to realize the desired function.
Figure 3.2: Hyperbolic impulse response, ideal, empirically optimized for 4 taps (trian-
gles) and empirically optimized for 6 taps (circles).
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3.3.2 Numerical Design Example
To illustrate the hybrid coupler concept presented in Section 3.3.1, a numerical design
example of a transversal 90◦ hybrid coupler is presented. The specification chosen for
this design are bandwidth of 2.5-17.5 GHz (as most of commercial microwave equipment
work in the range of 2-18 GHz), in-band maximum ripple of 2dB (to have 1dB improve-
ment over 3dB traditionally acceptable ripple), and acceptable phase ripple of 5◦. To
simplify the design, uniform sampling is assumed. To achieve a passband of 20 GHz, the
tap spacing must be ∆t ≈ 50 ps to avoid aliasing.
To perform this numerical investigation, it was assumed the continuous hyperbolic
impulse response was also shown in Figure 3.2.
This function is sampled by a finite number of discrete taps spaced by 50 ps. The
frequency response that can be expected is calculated as the Fourier transform of these
sampled taps. The response that could be expected by simply truncating the impulse
response at 2, 4 and 6 taps can be seen in Figure 3.3. Truncation and sampling does not
impact the phase response which will remain an ideal step function crossing from +90◦
to −90◦ at zero frequency. Figure 3.3 indicates that simple truncation does not provide
the optimum trade-off between bandwidth and specified amplitude ripple. To better meet
the desired hybrid specifications the truncated impulse response must be apodized. This
Figure 3.3: Amplitude of the frequency response of the simply truncated ideal response
of Figure 3.2. Truncated at 2,4 and 6 taps.
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a1 a2 a3 a4 a5 a6
2 0 0 -1 1 0 0
4 0 -.3328 -1 1 .3328 0
6 -.1397 -.2976 -1 1 .2976 .1397
Table 3.1: Normalized tap weights for 2,4, and 6 tap transversal filter
can be achieved using a range of well established window functions; however, for this
investigation, the number of taps is small enough that empirical adjustment of the tap
weights is tractable.
A MATLAB program was used to optimize the tap amplitudes in antisymmetric pairs to
achieve an in-band amplitude ripple of 3 dB, using the unconstrained nonlinear derivative-
free optimization method. As the impulse response has odd symmetry with the two center
taps having the largest amplitude, normalizing the tap weights with respect to the center
tap amplitude, the tap weights of the two center taps are always a4 = −a3 = 1. The
weights of the other taps, can be chosen to achieve various levels of pass band ripple. The
system frequency response was computed by taking the Fourier transform of the impulse
response of Figure 3.2.
Now it is demonstrated that a small number of taps can be used to implement a transversal
hybrid that meets these specifications. The resulting tap weights for 2, 4 and 6 taps are
calculated and shown in Table 3.3.2. Figure 3.4 presents the improved frequency response
after computer optimization. As it can be seen a 4-tap transversal filter meets the design
specification. Figure 3.5 presents the amplitude response of a 4 tap transversal filter with
pass band ripples of 2, 3, and 4 dB. The phase response of the three cases of Figure 3.5
remains ideal, since the impulse response has always odd symmetry. It is evident from
Figure 3.5 that the Hilbert transform with 3 dB of ripple meets the set design specification
using a 4 tap transversal filter.
Having specified the number of taps, tap weights and tap spacing, it is now possible
to develop a practical experiment to demonstrate the optical hybrid coupler.
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Figure 3.4: Amplitude of the frequency response of the optimized truncated ideal response
of Figure 3.2. Truncated at 2,4 and 6 taps.
Figure 3.5: Magnitude of impulse response of a 4 tap system.
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3.3.3 Experiment Setup
In this Section an experiment is developed to demonstrate that an optical hybrid coupler
can be achieved in the optical domain. Figure 3.6 presents a diagram of the system imple-
mentation. Four optical carriers were used. These carriers were combined into pairs (λ1
and λ2) and (λ3 and λ4), and input to MZM1 and MZM2 respectively. To achieve pos-
itive and negative taps, MZM1 and MZM2 were biased oppositely at positive (V +q ) and
negative (V −q ) quadrature. The path lengths were equalized after each modulator using
Variable Optical Lines, (VOL1 and VOL2). The taps were then combined and transmitted
through a dispersive fiber to impart different time delays to each wavelength. All of the
taps were amplified using a single Erbium Doped Fiber Amplifier (EDFA) and then a por-
tion of one tap was separated using a Coarse Wavelength Division Multiplexer (CWDM)
coupler. The path lengths were again equalized with VOL3, and VOL4 before detection
using broadband photo-detectors. The multi-wavelength output (Out1) formed the 90◦
phase shifted signal, while the single wavelength output (Out2) provided a 0◦ reference.
The output frequency response was observed with a Vector Network Analyzer (VNA).
The power of each laser determined the weight of each tap. As discussed in Section 3.3.2,
to achieve a 20 GHz bandwidth, the time spacing of the samples must be ∆t ≈ 50ps.
This delay was achieved using 2.354 km of single mode fiber (SMF) with dispersion
D=17 ps/nm.km. The time spacing and fiber length were used to calculate the wavelength
spacing as:
∆λ = DL/∆t = 1.25nm (3.17)
Since the dispersion was not exactly linear and non-trivial dispersion was contributed by
other system components, the actual wavelength of the lasers was empirically fine-tuned
to achieve the required time delay by isolating pairs of anti-symmetric taps and adjusting
their wavelength spacing to ensure a null in the frequency response at 20 GHz. The
resulting wavelength taps were λ1 = 1543.94, λ2 = 1545.3, λ3 = 1546.59 and λ4 =
1547.69 nm. Figure 3.7 presents the response of the CWDM. High and low wavelengths
are routed to Ports 1 and 2 respectively, with a gradual transition across 1544.2 nm. A
wavelength of 1543.94 nm was chosen for the lowest tap such that most of the power was
isolated at Port 2 to act as a reference, while a portion remained at Port 1 to contribute to
the transversal filter. Only one wavelength was thus required for both functions.
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Figure 3.6: Experimental setup of the basic hybrid coupler.
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Figure 3.7: Wavelength division multiplexer characteristic.
3.3.4 Results
The experimental system was configured as shown in Figure 3.6. The laser powers were
adjusted to achieve the tap weights indicated in Figure 3.2. Fine tuning was achieved by
observing the frequency response of anti-symmetric pairs of taps in isolation and adjusting
their separation and relative weights to achieve a deep amplitude null at 20 GHz. The
relative amplitudes and wavelength spacing of the two pairs of taps was then adjusted
to achieve the correct phase and amplitude response. To observe the relative amplitudes
and wavelengths of the transversal filter an Optical Spectrum Analyzer (OSA) was used.
Figure 3.8 presents an OSA trace indicating the relative wavelengths and amplitudes of the
optical carriers used to implement the transversal filter. Note that tap weights correspond
to carried RF power. Since MZM2 had a higher half wave voltage (Vpi), a slight reduction
in the optical power was required for the upper wavelengths. This was done empirically.
The VNA was calibrated to Out2 (the reference arm) and then used to measure the
frequency response of Out1. The amplitude and phase response of Out1 is presented in
Figures 3.9 (a) and (b) respectively. The simulated response of Figure 3.4 is also presented
for comparison. Excellent agreement between the measurement and theory is evident.
Amplitude variation less than 2dB has been maintained over 2.9-17 GHz, with less than
5◦ phase deviation from 90◦. The tap weights depicted in Figure 3.8 do not appear to have
equal values, despite being empirically optimized because the tap weights are determined
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Figure 3.8: Optical Spectrum Analyzer (OSA) trace showing weights and wavelength of
each tap.
by the carried RF power, not the peak carrier intensity.
In a practical implementation, outside the laboratory the optimization of channels
could be achieved using real time monitoring and numerical control as there are only a
small number of variables and clear optimization goals. The phase degradation in Fig-
ure 3.9 (b) above 16 GHz could be attributed to very low amplitude response (Figure 3.9).
A single balanced modulator could replace the two opposite biased modulators, eliminat-
ing the need for an RF splitter. This would also simplify path length equalization, reduce
component count and minimize optical splitting losses.
The response of Figure 3.9 compares favorably with traditional microwave hybrids.
Further, this photonic implementation offers the flexibility of a customizable passband.
The passband ripple and the bandwidth can be dynamically adjusted by changing the tap
weights and wavelength spacing. It would be desirable to extend the hybrid operation to
2-40 GHz with less than 3 dB ripple.
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Figure 3.9: Measured and predicted system magnitude and phase response.
CHAPTER 3. 52
3.3.5 Discussion
A photonic technique has been introduced to achieve a 90◦ phase shift in the microwave
domain over a multi-octave frequency range. The system demonstrated good character-
istics and the design specifications have been met; however, in some applications having
a long Single Mode Fiber (SMF) may result in latency problems since the optical carrier
has to traverse a long distance (≈ 2 km ) to achieve the required relative delays between
taps. Having such a long SMF in the system may also increase the bulk of the system. In
some systems requiring polarization maintenance, employing such a long PM fiber, can
also increase the system cost. As mentioned in Section 2.2.2, other ways of realizing dif-
ferent delays for different wavelengths are using either cascaded grating, or Wavelength
Division Multiplication (WDM) couplers with an array of optical delay lines. Employing
optical delay lines together with WDM couplers, could be complex and expensive as two
WDM couplers will be needed. It also introduces significant insertion loss. Each WDM
coupler introduces a loss of at least 6dB, and a physical delay line has at least 1dB in-
sertion loss, which will result in minimum total loss of 13dB. This could cause Signal to
Noise Ratio (SNR) degradation. Instability may also occur in the system as the system
relies on delays caused by different paths which may incur phase shifts due to vibration
and thermal expansion. As this hybrid coupler is designed to be employed in the IFM
system of Figure 2.12, a long optical delay can not be used as it will result in the need for
a very long co-axial cable.
On the other hand, utilizing cascaded grating to realize different delays offers the
benefits of low insertion loss (3 dB), and reduced cost, complexity and bulk. Maintaining
the polarization is also possible using gratings in PM fibers. The overall length of the
cascaded grating is much less comparing with the 2.345km fiber which makes it practical
for the IFM application. It may also help to improve the latency of the systems addressing
the for need for immediate signal processing in, Instantaneous Frequency Measurement
(IFM) systems. Therefore, it would be advantageous to implement a hybrid coupler using
a cascaded grating.
3.4 Hybrid Coupler Using Cascaded Grating
In this Section the hybrid coupler of Section 3.3 is implemented using cascaded grating as
the dispersive medium. As the total length of the cascaded grating and fiber patch cords
is less than 5m, a relatively short co-axial cable will be needed which makes the IFM
implementation practical. A custom cascaded grating was sourced from Redferm Optical
Components (ROC). This cascaded grating was used to give incremental delays of 40 ps.
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Figure 3.10: Cascaded grating characteristics a) delay, b) reflection.
Figure 3.10 shows the characteristics of the cascaded grating from the company data sheet
which was used to implement the hybrid coupler. It has a relatively uniform delay of 40
ps and almost flat reflection response. This cascaded grating was used to implement a
two tap transversal filter which resulted in an amplitude frequency response shown in
Figure 3.3. The uniform delay of the grating is 40 ps. Since the middle grating was used
as the reference, the tap delay is ∆t = 2 × 40 = 80ps. Therefore the free spectral range
of the transversal filter was 1/∆t=12.5 GHz. Hence the hybrid coupler was limited to
operation below 12.5 GHz. Having the specification of the cascaded grating, it is now
possible to demonstrate the cascaded grating based hybrid coupler.
Figure 3.11 shows the experimental setup of the cascaded grating based photonic hy-
brid coupler. Three optical carriers (λ◦,λ1, and λ2) were used to implement a two-tap (λ1,
and λ2) transversal filter with a reference tap (λ◦) in between. Carriers λ◦ and λ2 were
combined using a 3 dB optical coupler. Using a 2x1 MZM, the combined signal together
with λ1 were modulated oppositely using a 2x1 MZM to make the desired combination as
shown in Figure 3.11 inset (a) (reverse modulation). The modulated signal was then input
to Port 1 of an optical circulator. Port 2 of the circulator was connected to the cascaded
grating. Each wavelength was reflected with different, but uniformly incremented delays
of 40 ps. The dispersed signal was output from Port 3 of the circulator and input to a
Wavelength Division Multiplexer (WDM) which separated all wavelengths. Carrier λ◦
remained separated and was used as the reference (Figure 3.11 inset (b) ). The carriers
λ1 and λ2 were again combined using a 3dB coupler to form the two tap transversal filter
(Figure 3.11 inset (c) ). VOL1, and VOL2 provided path length equalization. Both sig-
nals were then detected using broadband photo-detectors. Figure 3.11 inset (d) shows the
transversal filter taps with the reference in between.
To test the system of Figure 3.11, the optical carriers were set to λ◦=1550 nm, λ1=1551.5
nm, and λ2=1548.5 nm to be placed at the middle of pass bands of the cascaded grating
as shown in Figure 3.12 (b). The optical powers corresponding to these three wavelengths
were set to P◦=10 mw, P1=16.3 mv, and P2=10 mw.
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Figure 3.11: Experimental setup of the cascaded grating based photonic hybrid coupler.
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Figure 3.12: Measured and predicted system magnitude and phase response.
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To characterize the hybrid coupler, a VNA was used. Port I of the VNA was connected
to the RF input of the MZM (In) and Port II was connected to the output of the PD1
(Out1). The VNA was then calibrated and Port II was connected to the output of PD2
(Out2). Figure 3.12 (a) shows the amplitude response of the system. A 3dB bandwidth
of 6.4 GHz (3-9.4 GHz) was achieved. A very low noise response inside the pass band
is evident. Around 12.5 GHz, the noise increased dramatically due to the amplitude null
at 12.5 GHz; however, since the frequency measurement range of the IFM system (1-10
GHz) does not cover this region, this does not affect the pass band characteristics. Fig-
ure 3.12 (b) shows the phase response of the system. A phase shift of 90◦ was achieved
for all frequencies. A low phase ripple was achieved in the pass band region (3-9.4 GHz).
Due to the null at 12.5 GHz, the phase noise was increased, which does not affect the
system performance since it is out of pass band (3-9.4 GHz).
Comparing with the basic hybrid coupler of Section 3.3, the system of Figure 3.11
features better latency and less bulk; however, it has limited bandwidth since it is im-
plemented based on only a two tap transversal filter. This could be solved using a cas-
caded grating with two additional gratings with uniform delays. A Linearly Chirped FBG
(LCFBG) may be considered to implement the Hilbert transformer; however the amount
of the delay required would be hard to achieve as a long length of LCFBG would be re-
quired particularly if low frequency operation is required. As the Hilbert transformer is
required to be wideband, LCFBGs are thus not an ideal solution.
In summary, a cascaded grating based hybrid coupler was proposed and practically
demonstrated. Since the optical path length of the whole system is in order of few meters,
this hybrid coupler could be employed to implement the orthogonal measurement IFM
system. This also ensure a good latency for the system.
3.5 Orthogonal IFM System Implementation
In this Section a photonic approach is introduced that can be employed to implement the
orthogonal measurement IFM system of Section 3.2. This system requires a broadband
90◦ phase shift. As shown in Section 3.3 photonics can be used to implement such a phase
shifter over a broad frequency range. Also, as the system is implemented in the photonic
domain, it would be advantageous to use the photonic hybrid coupler to achieve the 90◦
phase shift.
As the system exhibits a frequency dependent DC output, low-cost photo-detectors
can be used to reduce the total cost of the system. Also by using photonic elements, a
broad frequency detection range can be achieved. To achieve the broadband 90◦ phase
shift required in Figure 3.1, a hybrid coupler can be employed as discussed in Section 3.4
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where, a two-tap transversal filter with an additional reference tap is used to make orthog-
onal to measurements. This provides a broadband 90◦ phase shift. This Section aims to
show that the hybrid coupler of Section 3.4 can be used to achieve orthogonal measure-
ments as discussed in Section 3.2.
3.5.1 Orthogonal IFM System Configuration
Figure 3.13 shows the experimental setup of the photonic IFM with orthogonal outputs.
An RF signal generator produced a single RF tone which was divided into two equal por-
tions feeding two arms of the IFM system. These arms are labelled the ‘Optical Path’ and
the ‘RF Path’ on Figure 3.13. The RF tone in the Optical Path, modulated three wave-
lengths being used to implement a two-tap (λ1, and λ2) transversal filter with a reference
tap (λ◦) in between. Carriers λ◦ and λ2 were combined using a 3dB optical coupler. This
combined signal together with λ1 were modulated oppositely to make the desired combi-
nation as shown in Figure 3.13 inset (a) [70]. The modulated signal was then input to Port
1 of an optical circulator. Port 2 of the circulator was connected to a cascaded grating.
Figure 3.10 shows the characteristics of this grating. Each wavelength was reflected with
different but uniformly incremented delays. The dispersed signal was output from Port
3 and input to MZM2 fed with the original RF tone in the RF Path. Note that both the
cascaded grating and the optical circulator were polarization maintaining. This ensured
correct polarization at the MZM2 input. The output of MZM2 was then amplified using
an EDFA and input to a Wavelength Division Multiplexer (WDM) which separates all
wavelengths. Carrier λ◦ remained separated and was used as the reference (Figure 3.13
inset (b)). The arm containing λ◦ is called the reference arm. The carriers λ1 and λ2 were
again combined using a 3dB coupler to make the two-tap transversal filter (Figure 3.13
inset (c)). This arm was called the 90◦ arm. Both signals were then detected, low-pass
filtered and measured by digital voltmeters.
Having conceived a photonic system capable of producing orthogonal IFM outputs, a
theoretical model must now be developed predicting the behavior of the system to validate
that two orthogonal measurements are indeed expected.
3.5.2 Orthogonal IFM Model
To validate the ability of the experimental setup of Figure 3.13 to perform orthogonal
measurements, a mathematical model must be developed that predicts the frequency de-
pendent DC output. This model builds on the model of Section 3.2 introducing the actual
responses of photonic link components to enable exact prediction of photo-detectors out-
put DC voltages. The expression for the reference arm photo-detector (PD1) where only
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Figure 3.13: Experimental setup of IFM system with orthogonal outputs.
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wavelength λ◦ is present, is first derived. In Section 2.3.3 it was assumed that identical
MZMs were used, and thus the DC component of the output signal present at the output of



















where r is the responsivity of the photo-detector, GLPF is the gain of the low-pass filter,
LMZM is the MZMs optical insertion loss, LWDM is WDM optical insertion loss, and










Equation (3.18) can then be simplified as:
VDCλ◦(Ω) = α◦ + β◦PRF + γ◦PRF cosφ (3.21)
At the lower photo-detector (PD2), each wavelength (λ1, and λ2), generates its own
DC component assuming a linear characteristic for PD2. Therefore, the DC component
produced by each wavelength, present at the output of PD2 can be described as:








where VDCλ1(Ω), and VDCλ2(Ω) are DC components produced by wavelengths λ1, and λ2
respectively. The delay between λ1 and λ2 caused inside the cascaded grating is τ ′, and















where P90 is the optical power levels of the both carriers λ1 and λ2 which should be equal.
The negative coefficients of γ90 in Equation (3.22) is achieved by reverse modulation in-
side MZM1. The total DC component present at the output of PD2, can then be calculated
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by adding Equation (3.22) and Equation (3.23) to achieve:
VDC90(Ω) = 2α90 + 2β◦PRF − γ90PRF cos(φ+ Ω
τ ′
2




After simplification, Equation (3.25) can be rewritten as:








β◦ + γ◦ cosφ(Ω)





Equation (3.27), allows calculation of the RF frequency using the measured DC outputs
without dependence on the input RF power. Having isolated the RF frequency, the RF
power level can also be determined using either Equation (3.21) or Equation (3.26).
Having developed a mathematical model that illustrates the orthogonality of the output
voltages of the orthogonal IFM system, it is now possible to experimentally demonstrate
the ability of the IFM system to measure both RF frequency and power independently.
3.5.3 Orthogonal Measurement IFM Demonstration
Section 3.5.2 established, in theory, that the system of Figure 3.13 should indeed enable
amplitude independent frequency measurement. The IFM performance is now demon-
strated experimentally. The system was configured as depicted in Figure 3.13. The op-
tical carriers were set to λ◦=1550 nm, λ1=1551.5 nm, and λ2=1548.5 nm respectively.
The optical powers corresponding to these three wavelengths were set to Pcirc=11.7 mv,
P1=17 mv, and P2=11.7 mw respectively. The factor G in Equation (3.19) was calcu-
lated to be G = 0.95, and the delay τ ′ was 80ps corresponding to nulls response at 0
and 12.5 GHz. Both MZMs input impedance (Zin) and photo-detector output impedance
(ZPD) were 50Ω. The half wave voltage (Vpi) of both MZMs was 5V. To validate the
model of Section 3.5.2, four different RF power levels (PRF = 3, 6, 9, 12 dBm) were used
to produce four different measurement conditions for the same frequency. Using orthog-
onal measurements it is hoped that both RF frequency and RF power can be measured
independently. Figure 3.14 shows the measurements taken from digital voltmeters from
the reference arm of system of Figure 3.13 along with the predicted voltage obtained from
Equation (3.21). Good agreement between predicted and measured results is evident. As
the nulls of the transversal filter response (0 and 12.5 GHz) are out of the frequency mea-
surement range (1-10) GHz, this does not affect the IFM operation. Figure 3.15 shows
the measurements taken from the digital voltmeter from the 90◦ arm along with the pre-
dicted voltage obtained from Equation (3.26). Good agreement between predicted and
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measured results is evident. In both arms, by increasing the RF power level, both constant
and sinusoidal terms of the DC components increased as shown by Equation (3.21) and
Equation (3.26).
Figure 3.14: Measured and predicted results for the reference tap.
These measurements were then used to predict the RF frequency using Equation (3.27),
and the results are shown in Figure 3.16. The RF power level was also predicted using
Equation (3.21) and shown in Figure 3.17. Good agreement between measurement and
prediction results is evident.
Due to the oscillatory nature of of Equation (3.21), and Equation (3.26), unambiguous
frequency measurement is only possible in each half a period of Figure 3.16. This be-
havior is similar to that observed in Section 2.4. Therefore, there are nine distinct bands
within which frequency measurement is unambiguous. Sensitivity is less at edges of each
due to zero gradient at the peaks and nulls of the sine curve. Some inconsistencies have
occurred which limit the system functionality. This could be attributed to co-axial cable
loss at higher frequencies (> 9 GHz). The sinusoidal behavior of Equation (3.21) and
Equation (3.26) suggest that by reducing the differential delay τ , the system bandwidth
can be increased. Approximating φ(Ω) = Ωτ , it can be easily seen that by reducing τ , the
sinusoidal period will increase resulting in a wider frequency measurement range. The
system bandwidth can be increased; however, by reducing the differential delay between
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Figure 3.15: Measured and predicted results for the two-tap transversal filter.
the Optical and RF paths through system integration. This comes at the expense of sensi-
tivity. Importantly this system does indeed show the ability to measure both RF frequency
and power simultaneously and independently.
In summary an orthogonal measurement IFM system was conceived and practically demon-
strated. The system employs a photonic hybrid coupler to generate two sets of orthogonal
measurement over a wide frequency range of (1-10 GHz).
3.6 Conclusion
It was concluded in Chapter 2 that a practical IFM systems should be able to indepen-
dently measure RF frequency and amplitude. In order to do this, two orthogonal mea-
surements were required. To achieve orthogonal measurement, a 90◦ hybrid coupler or
Hilbert transformer is required. However this would need to retain the favorable broad-
band characteristic of photonics.
A photonic hybrid coupler was then introduced as a solution to address this problem. A
technique has been introduced to achieve a 90◦ phase shift over in the microwave do-
main over a broad band frequency range. As this scheme is based on non-coherent optics,
the system offers very good stability both in phase and amplitude. This implementation
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Figure 3.16: Measured frequency vs. input frequency.
offers dynamically adjustable bandwidth and ripple achieved by changing carrier pow-
ers in each tap where the absolute laser power needs to be empirically adjusted due to
slight differences in MZMs. The isolation between outputs is near perfect as there was
no electrical connection between the ports. The impedance of ports is very close to 50Ω
for all frequencies and this remains unaffected when loading the ports due to excellent
isolation. This is a distinct advantage of over traditional hybrid couplers. Extension to
broader bandwidth through introduction of extra wavelength channel taps is possible. Im-
plementing this photonic hybrid coupler, made it possible to achieve two orthogonal sets
of IFM measurement. Having two orthogonal measurements provide the possibility of
determining both RF frequency and RF power simultaneously and independently.
In summary, using the microwave-photonic hybrid coupler concept a wideband or-
thogonal microwave-photonic IFM system was conceived and demonstrated practically.
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Figure 3.17: Measured and predicted power vs. input frequency.
Chapter 4




Chapter 2 described a photonic IFM that used low-cost DC photo-detectors. This was
possible by mixing the RF frequency to DC in the optical domain using an MZM. One
disadvantage with this system was that the loss and limitation of the co-axial cable feed-
ing the second MZM. Since it is necessary to measure in higher bandwidth range, the
elimination of the co-axial cable is necessary.
This Chapter will explore how frequency measurement can be achieved, by elimi-
nation the co-axial cable and the second MZM and replace that with all optical mixing
devices. This demonstration proved that all optical mixing could be effectively utilized to
realize a low cost IFM system.
For clarity, the operation of Semiconductor Optical Amplifier (SOA) are first reviewed
in Section 4.2. A literature survey focused on non-linearity of the SOA is conducted. In
Section 4.3 a new microwave photonic IFM concept is introduced based on employing
all optical mixing using SOA as a non-linear device to eliminate the need for any co-
axial cable. Section 4.4 proposes and demonstrates a photonic IFM system based on
Highly Non-Linear Fiber (HNLF). Section 4.5 draws conclusions on the practicality of
the proposed all optical mixing IFM system. The findings of this Chapter have been
published in [69, 80].
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Figure 4.1: Semiconductor Optical amplifier (SOA) from Kamelian
4.2 Semiconductor Optical Amplifier
The Semiconductor Optical Amplifier (SOA) is a useful device that recently has been
used in various applications in the fields of telecommunication and optical signal process-
ing [81]. This device has been conceived as an optical amplifier with significant reduced
cost and improved components when compared to EDFAs. Recently SOAs have been
characterized as non-linear components.
Attempts have been made to analyze and implement cross-gain, cross-phase and Four
Wave Mixing (FWM) based wavelength convertors using SOAs. These concepts were
then employed to implement wideband microwave up-converters, mixers and frequency
doublers.
In one work, cross-gain and cross-phase wavelength conversion in SOAs were ana-
lyzed in depth. The influence of saturation filtering on the bandwidth of the converters
was explained and conditions for conversion at 20 Gb/s or more are identified. It was
shown that for the cross-gain modulation scheme, the extinction ratio degraded for con-
version to longer wavelengths [81].
In another work, the main application of SOAs as non-linear optical components were
reviewed. Concentrating on FWM, general parameters that are of relevance for signal
processing applications have then been defined. It was shown that basic experiments and
general simulation procedures can be used to determine optimum operating conditions for
the intended applications. An experiment on FWM with picosecond optical pulses was
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developed and the results were presented. It was shown that new optimization criteria
and advanced theoretical models must be applied for the case of short optical pulses.
The possibility to extract the dynamical SOA parameters from the experiments, are also
discussed [82].
In another attempt, an experiment to investigate the cross-gain property of SOA was
developed. Saturating the SOA, the conversion gain mechanism was changed. This led to
an optical mixing effect resulting in mutual exchange of frequency components of optical
signals. It was shown that optical feed back saturated amplifiers and cascaded optical
amplifiers could have similar performance. Up to 10 dB gain was achieved for two 8 nm
apart modulated optical carriers. Both up and down converted RF signals (150 and 650
MHz) were achieved where optical carriers were modulated by RF signals with 250 MHz
and 400 MHz frequencies, respectively [83].
In another work, a 20 GHz optoelectronic mixer was implemented and and charac-
terized. More than 70 dB below the IF output third order intermodulation products was
achieved. A simple super heterodyne receiver was then implemented utilizing this mixer.
The receiver exhibited a -66 dBm tangential sensitivity and a 44 dB compressive dynamic
range [84].
In another work, the optical mixing of RF signals by means of exploiting the non-
linearity of an SOA using propagation of photon density and rate equations was proposed.
The results show the potential for devices with low conversion losses and even gain and
polarization insensitivity and reduced insertion losses [85].
Detailed characteristics for the frequency up-conversion of optical IF signals with the
optical heterodyne local oscillator (LO) signals having different wavelengths that can be
achieved with SOA cross-gain modulation and square-law photo-detection, were investi-
gated in [86]. A simple analytical expression for the frequency up-conversion efficiency
was firstly derived and experimental validation was then conducted. The results showed
that the signal frequency up-conversion efficiency was directly attributed by the SOA op-
tical gain and can be optimized by either controlling the optical LO power or selecting
the optical IF and LO wavelengths within the SOA optical gain bandwidth. These results
will be useful in selecting proper conditions for the optimal frequency up-conversion ef-
ficiency.
SOAs have shown the ability to provide broadband signal processing of microwave
photonic signals. They provide a high and almost flat conversion gain over a broad fre-
quency range far more better than that of microwave mixers. Therefore, they could be
useful in implementing an all optical IFM system. In the next Section an IFM system
based on all optical mixing using an SOA is conceived and demonstrated practically. An
18 GHz (2-20 GHz) frequency measurement range has been achieved.
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Parameter Min Spec. Typical Spec. Max Spec.
Fiber to fiber gain (Min) 10
Noise Figure 8 10
Gain recovery time (1/e) 25 ps
Polarization dependence 1 dB 2 dB
ASE center wavelength 1530 nm 1570 nm
Bias current 300 mA 400 mA
Operating temp −5◦C 70◦C
TEC drive max .7 A/1.5 V
Table 4.1: Kamelian SOA specifications (1529-1563 nm with 0 dBm input)
4.3 Photonic IFM System Based on SOA
In this Section a IFM system based on using Non-Linear mixing is conceived and prac-
tically demonstrated. This system employs two differentially delayed modulated optical
carriers that are mixed using the SOA. The output of the system includes a DC compo-
nent that varies as a function of frequency. This can be used for frequency measurement
purposes. Operation is demonstrated from 2-20 GHz. An SOA from Kamelian (SOA-
NL-H1-C-FA) was employed. Table 4.1 shows the characteristics of the SOA.
4.3.1 SOA Characterization
As discussed in Section 4.3 to take advantage of broad bandwidth, long transmission
range it is necessary to implement our IFM system using photonic components. Modu-
lation, time delay and detection are straight forward in the optical domain. All-optical
multiplication can be achieved using non-linear optical components. In this investigation
multiplication is achieved using an SOA. Before proceeding with IFM system implemen-
tation it will be necessary to characterize the response of an SOA when used as an all
optical mixer.
Figure 4.2: Experimental setup for SOA characterization
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SOA DC Response
Figure 4.2 presents the experimental setup used to characterize the non-linear response of
the SOA. Two laser sources provide two polarized optical carriers at wavelengths λ1 =
1551.85 nm and λ2 = 1553.85 nm. Carrier λ1 is transmitted through a high-speed MZM
and then combined with carrier λ2 using a simple 3 dB power combiner. The two optical
carriers were then transmitted through the SOA where they were mixed by the SOA non-
linear response of this device. Since the SOA also provides gain, optical isolators were
used on both sides of the SOA to prevent oscillation. A small portion (10%) of output was
tapped to an Optical Spectrum Analyzer (OSA) to enable monitoring of the output optical
wavelengths. The remaining optical power was separated into its wavelength components
using an arrayed waveguide grating (AWG) and the signal on carrier λ2 was monitored
using a broadband photo-detector. The first characterization experiment aimed to establish
Figure 4.3: DC response of the SOA.
the DC mixing response of the SOA by measuring the output power on carrier λ2 as a
function of the input power on carrier λ1. The input power at the SOA on carrier λ2 was
fixed at 5mW and the modulator bias was used to adjust the input power of carrier λ1.
The output power on carrier λ2 was measured using a power meter.
CHAPTER 4. 70
Figure 4.3 presents the measured power on λ2 as a function of input power on λ1. As
it can be seen there is an almost linear relationship between the input pump power on λ1
and the output probe power on λ2. The gradient corresponds to the mixing gain. A pump
power of 5mW have been chosen where the gradient is most linear.
SOA Frequency Response
Figure 4.4: Frequency response of the SOA: Photonic Link gain reference response;
cross-gain frequency response; normalized cross-gain response
Next step is to establish the frequency response of the SOA mixing response. The
configuration of Figure 4.2 was again used. An RF signal from a vector network analyzer
(VNA) was input to the MZM and the output was received by a broadband photo-detector
and analyzed using the VNA. The system was first calibrated by measuring the photonic
link response of carrier λ1 with the SOA component removed. The SOA was returned
and the response of the signal transferred to carrier λ2 was measured. The RF mixing
response of the SOA is presented in Figure 4.4.
The gain level is high and is quite flat over a broad frequency range from 2-20 GHz.
The SOA characteristics indicate that it is a good candidate for the mixing component for
an IFM photonic implementation.
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4.3.2 Photonically Implemented IFM Using SOA
The photonic IFM implementation is presented in Figure 4.5. A 2× 1 MZM was used to
combine and modulate two polirized optical carriers at λ1 and λ2. A length of dispersive
fiber was used to achieve a relative time delay between these two carriers. The dispersed
optical signal was then traversed through an isolator, the SOA and a second isolator. The
output was then split in 10% and 90% portions. The 10% was used to feed the OSA. The
90% portion traversed through an AWG and the detected by a photo-detector. Only the
DC component was analyzed at the output.
Figure 4.5: Photonically implemented IFM configuration
Model of IFM Using SOA
Before measuring this system, its performance should be predicted. Considering the fre-
quency response of each component of the system, the DC output will be:
V (f) =
√
G(f)cos(2pifτ) + VDC (4.1)
where f is the frequency of the signal and G(f) is defined as:
G(f) = G2MZM(f)GSOA(f)GPD (4.2)
where GMZM(f) is MZM RF gain response (a simple quadratic function), GSOA(f) is
the conversion gain response of the SOA (Figure 4.4), and GPD is the DC gain of the
photo-detector.
Since both carriers are modulated, their product includes the modulator response
squared. Figure 4.6 presents the response predicted by Equation (4.1). The sinusoidal
response required for frequency measurement is evident. The gradually decreasing am-
plitude is mainly due to the quadratic MZM frequency response.
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Implementation of IFM Using SOA
The system of Figure 4.5 was implemented using a dispersive 4.478km fiber (SMF28)
which corresponded to a relative time delay of τ=149.165ps between the two optical
carriers. Figure 4.6 shows the DC component measured by the digital voltmeter as a
function of frequency along with the predicted results. Excellent agreement between
measurement and predicted results are evident. The results of Figure 4.6 can be inverted
using Equation (4.1) to achieve frequency measurement as shown in Figure 4.7 as with
other IFM implementations. Due to the oscillating nature of the response of Figure 4.6,
there are six distinct bands within which frequency measurement is unambiguous. Within
each band, frequency measurement is reasonably accurate.
However this implementation could suffer from instability as SOAs tends to oscillate.
Also SOAs produce Amplified Spontaneous Emission (ASE) which lowers the sensitiv-
ity [87]. This could be solved replacing the SOA by a passive non-linear device such a
Highly Non-Linear Fiber (HNLF).
In a summary an instantaneous frequency measurement system based on all optical
mixing and DC photo-detectors has been demonstrated. The system shows the very wide-
band characteristics. The frequency range and sensitivity can be adjusted through use of
different lengths of dispersive fiber.
Figure 4.6: Measured and predicted IFM response
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Figure 4.7: IFM frequency response interpreted as frequency measurement (prediction
and Measurement)
4.4 Photonic IFM System Based on Non-Linear Fiber
The SOA, being an active component was prone to instabilities and even oscillation. This
led to a degree of uncertainty in the frequency measurement. In this Section, a scalable
IFM utilizing efficient optical mixing within a length of Highly Non-Linear Fiber (HNLF)
is demonstrated. Predictable and highly stable frequency measurement is achieved over
the range from 0.5-40 GHz. The HNLF used was an OFS (090161150001). Table 4.4
shows the specifications of the HNLF.
Length fiber dispersion fiber dispersion slope Total loss Total PMD C-Band
999 m -.19 ps/nm/km 0.01 ps/nm2/km 1.73 dB 0.12 ps
Table 4.2: OFS HNLF specifications (1550 nm)
Figure 4.8 presents this concept graphically and illustrates the optical spectrum of the
signals throughout the system.
In Figure 4.8, distinct optical carriers labelled as λ1 and λ2 were used for Path 1 and
Path 2. Each channel carries an RF signal as sidebands indicated by triangles. Path 1 had
an extra time delay compared to Path 2. This results in a frequency dependent phase shift
of:
φ(Ω) = Ωτ (4.3)
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Figure 4.8: Principle of photonic IFM using optical mixing.
between the RF signal on λ1 relative to the RF signal on λ2. The two channels are then
mixed optically producing new optical wavelengths which also carry the RF signal. These
newly created wavelength channels were indicated as the mixing terms in Figure 4.8. It
was predicted that the power of the mixing terms including the two sidebands should
include a component that varies as cosΩτ and thus, could be used to measure the input
signal frequency Ω.
To achieve the IFM function of Figure 4.8. Two differentially delayed versions of the
same signal must become combined. The input field can be written:
E = Aejω1t +Bej(ω1+Ω)t+φ1 +Bej(ω1−Ω)t+φ2 + (4.4)
Aejω2(t+∆t) +Bej(ω2+Ω)(t+∆t)+φ3 +Bej(ω2−Ω)(t+∆t)+φ4 (4.5)
Assuming B ¿ A, and considering only the idler at ω2 and its sidebands, the FWM
component (χ(3)) can be written as:
E3 = 3A2ejω2t
[
A+ 2Bej(Ωt+φ1) + 2Be−j(Ωt−φ2) +Bej(Ωt+Ω∆t−φ4) +Be−j(Ωt+Ω∆t+φ3)
]
(4.6)
Note that there is no (χ(2)) component produced in the HNLF. In Equation (4.6) it can
be seen that the sidebands include the summation of the RF signals mixed from Path 1 and
Path 2. This summation is coherent and hence the optical power itself varies. Thus this
nonlinear photonic approach actually implements the summation concept of Figure 4.8.
If only the lower idler is measured:
P (ω2) ∝
{
A2 +B2 [5 + 4 cos(Ω∆t+ φ1 − φ4)] +B2 [5 + 4 cos(Ω∆t+ φ2 − φ3)]
}
(4.7)
Equation (4.7) shows that the power in the idler oscillates with the RF frequency and
thus can be mapped to the value of through knowledge of t. This relationship is the basis
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of our IFM system. A low-cost DC photo-detector can be used to measure the power at
the output of this IFM system. Having established that, in principle, nonlinear FWM can
be used to achieve an IFM function that can be measured with a low-cost photo-detector,
we must now characterize the FWM in a practical HNLF to insure that it does indeed
behave according to these simple predictions and that it maintains this behavior over the
whole RF band from 1-40 GHz.
4.4.1 Characterizations of the Optical Mixing Process
It is proposed that the Four Wave Mixing (FWM) process in HNLF be used to achieve
the phase correlation function in Figure 2.3. Here two wavelengths were input to a highly
non-linear fiber to produce two new optical wavelengths as mixing products (Figure 4.8).
To be confident that the signals carried by the mixing products represented an accurate
analog product of the signals modulated onto the original optical wavelengths, it was
important to characterize the optical mixing and the photonic link frequency responses.
Channel 1 2 3 4 5 6 7 8
Wavelength 1542.12 1543.73 1545.32 1546.91 1548.51 1550.11 1551.72 1553.32
Table 4.3: Channel numbers and wavelengths (nm)
Figure 4.9 presents the experimental configuration used to perform this characteriza-
tion. An array of 8 laser diode were available. The wavelength for each channel are shown
in Table 4.3. Two laser diodes were used. The longer wavelength channel was labelled as
λ1. The shorter wavelength channel was labelled as λ2. Channel λ2 was connected to a
broadband MZM. An RF signal generator produced a single RF tone. This RF tone mod-
ulated channel λ2. The modulated optical signal, was then combined with the channel λ1
using a 3 dB optical coupler. The coupler output was then amplified using an EDFA. The
amplified optical signal was then fed to a Highly Non Linear Fiber (HNLF). A narrow
band tunable optical filter (JDS Uniphase Grating Filter TB9226) was employed at the
fiber output to enable selection of the wavelength band of interest. The filtered optical
signal was then split into two portions with the ratio 99:1 using a 1% optical splitter. The
smaller portion (1%) was then input to an Optical Spectrum Analyzer (OSA). The other
portion (99%) was detected by a photo-detector (PD). The RF output of the photo-detector
was measured using an Electrical Spectrum Analyzer (ESA).
To begin characterization of the optical mixing, it was important to identify which
pair of the channels would result in the most efficient mixing. This was achieved using
the setup of Figure 4.9. The MZM was biased at quadrature to achieve maximum trans-
mission and the signal generator turned off. The lasers powers were set such that two
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Figure 4.9: Experimental setup for optical mixing characterization.
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Figure 4.10: Optical spectrum of mixing Channel 5 and Channel 6.
channels had the same power level (20 dBm) to have maximum SNR at the input to the
HNLF. The optical spectrum at the output of the HNLF was measured. The mixing effi-
ciency, defined as the power difference between the Four Wave Mixing (FWM) product
channels and the pump channels, was calculated from the optical spectrum.
Figure 4.10 presents a typical spectrum at the output of the HNLF when Channel 5
and Channel 6 were used. As it can be seen the non-linearity of the HNLF has resulted in
making 3rd, 5th and 7th intermodulation products. Having established that FWM was in-
deed achieved, the mixing efficiency of this FWM was then analyzed for different channel
combinations and the result was shown in Figure 4.11. Only mixing results for adjacent
channels are presented since mixing efficiency reduced significantly for larger channel
separation due to increase phase mismatch. It is evident from Figure 4.11 that the mixing
efficiency was essentially flat throughout the wavelength range between Channel 1 and
Channel 8. The most efficient mixing performance was observed between Channels 5
and 6 and thus these channels were selected for frequency response characterization.
Using the setup of Figure 4.9, the lasers were tuned to Channel 5 (1548.51 nm) and
Channel 6 (1550.11 nm). The modulator was biased at quadrature and the signal genera-
tor output was maintained at 10 dBm throughout the experiment. The lasers were adjusted
to provide the same power (20 dBm) at the HNLF input to ensure that the mixing char-
acteristics of Figure 4.11 were attained. The frequency dependence of the photonic link
through the system using Channel 5 was measured by turning Laser 2 off and adjusting
the optical filter to align with Laser 1.
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Figure 4.11: Optical mixing efficiency for various channel combinations.
Figure 4.12 presents the measured RF photonic link gain G(f). The predicted link
gain is also presented. A link gain of -27 dB gracefully rolling off to -30.5 dB was
observed between 2 to 12 GHz. A similar link gain was also observed if Laser 1 was
tuned to Channel 6. The frequency response of the optical mixing was obtained by mixing
the modulated Channel 5 with the unmodulated Channel 6 and demodulating the selected
FWM term of interest. This was achieved using the setup of Figure 4.9 with the optical
filter aligned to the selected FWM band. In this case, the filter was tuned to 1546.85 nm
(Channel 4) to select the FWM term to the lower wavelength side of Channel 5.
Figure 4.13 presents the measured RF link gain through the FWM term to the left of
Channel 5 together with the link gain of Figure 4.12 for easy comparison. The link gain
was measured to be -40dB at 2 GHz and reduced to -48dB at 12GHz. It is evident from
Figure 4.13 that the FWM link gain roll off was twice as fast as the roll off of photonic
link gain G(f). This behavior could be attributed to the combination of Cross-Phase
Modulation (XPM) and FWM between Channels 5 and Channel 6 [82].
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Figure 4.12: Predicted and Measured simple photonic link gain (modulator frequency
response G(f)).
Figure 4.13: Mixing frequency characteristics (predicted and measured) through the first
FWM term adjacent to Channel 5 together with the link gain of Figure 4.12 and its square.
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Figure 4.14: Experimental setup for demonstrating the IFM concept using optical mixing
in a HNLF.
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Photonically Implemented IFM Using HNLF
Having characterized the optical mixing, the photonic IFM could be demonstrated. The
experiment setup for the photonic IFM is given in Figure 4.14. Unlike the setup of Fig-
ure 4.9, in the IFM setup, both wavelength channels (Channel 5 and Channel 6) were
modulated by the same RF signal. The RF signals carried by these channels were delayed
by different amounts through a cascaded grating. In particular, Channel 5 has about 40
ps shorter delay than Channel 6. Both channels were amplified by an EDFA to a power
level of 20 dBm before being launched into the HNLF. Within the HNLF the two channels
were mixed to create several FWM product terms. The RF signal frequency and power
were set to 20 GHz, and 0dBm respectively.
Figure 4.15 presents an optical spectrum of the signal emerging from the HNLF af-
ter two optical carriers modulated. The mixing products are clearly evident. Unlike a
simple RF photonic link with symmetrical sidebands, significant asymmetry between the
two sidebands was observed in all optical components. It is hypothesized that complex
contributions of FWM, XPM and Self Phase Modulation (SPM) among the spectral com-
ponents are responsible for this behavior. The optical filter was adjusted to select the
spectrum around the 1545.26 nm FWM component. The optical spectrum after the filter
is presented in Figure 4.16. This filtered spectrum was detected using a low frequency
photo-detector to measure the optical intensity at 1545.26 nm. The photo-detector output
was finally obtained with a DC voltmeter.
Figure 4.17 presents the measured output voltage as the frequency of the RF signal
varies between 1 to 40 GHz. Also presented in this Figure is the optical mixing transfer
function of Figure 4.13 and the predicted IFM response based on Equation (4.7). The
output voltage consisted of a constant DC level of approximating 6.7 mV due solely to
the carrier mixing of Channel 5 and Channel 6 and a frequency dependent DC part. The
value of the frequency dependent DC part was maximum when the RF signals carried by
Channel 5 and Channel 6 were in phase (e.g. at low frequency) and minimum when the
RF signals were out of phase, (e.g. At 12.5 GHz in Figure 4.17). It can be seen from Fig-
ure 4.17 that excellent agreement between the measurement and the prediction has been
achieved for RF signal frequencies up to 18 GHz. Beyond 18 GHz, discrepancies between
the measurement and the prediction are observed and they are attributed to the roll off the
optical filter with a narrow line width of 0.2 nm (approx. 25 GHz). The characteristics
oscillating behavior of Equation (4.7) can also be clearly seen in Figure 4.17 from the
voltage response with a measured period of 0.5/40 ps=12.5 GHz.
To further demonstrate the characteristics of the IFM given by Equation (4.7), the
time delay difference between the two channels was varied. This was achieved by ad-
justing laser 2 to Channel 7 while leaving laser 1 on Channel 5. The delay difference
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Figure 4.15: Optical spectrum at the output of the HNLF when mixing Channel 5 and
Channel 7. RF sidebands of each optical component are clearly visible for RF signal at
40 GHz.
Figure 4.16: Optical spectrum after optical filter of 0.2 nm width centered at 1545.26 nm.
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Figure 4.17: Predicted and measured voltage output as a function of the input signal
frequency employing optical Channel 5 and Channel 6.
Figure 4.18: Predicted and measured voltage output as a function of the input signal
frequency employing optical Channel 5 and Channel 7.
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between Channels 5 and Channel 7, produced by the cascaded grating, was 80 ps. The
characteristic period of the IFM response was thus predicted to be 6.25 GHz.
The measured response of this later case is presented in Figure 4.18. The optical mix-
ing frequency response and the predicted voltage for this case are also presented. It is
evident that the mixing efficiency has slightly reduced due to larger channel separation
resulting in a drop in the output voltage. As observed in Figure 4.17 the frequency re-
sponse of the IFM drops as the square of the simple RF photonic link (G(f)2) It can be
seen from Figure 4.18 that excellent agreement between the prediction and measurement
was achieved with some deviations for frequency larger than 18 GHz due to the optical
filter characteristics.
If the amplitude of the RF signal is known as in this case (10 dBm), the frequency
voltage response of Figure 4.14 is fully defined for a given selection of two wavelength
channels. This characteristic can thus be employed to map between the measured voltage
and the frequency of the RF signal as explained in Section 2. To measure frequency of
the RF signal, Equation (4.7) is inverted and then used to map the measured voltage to the
predicted frequency.
Figure 4.19 and Figure 4.20 present the measured frequency versus the actual input
frequency for cases of Channel 5 and Channel 6 and case of Channel 5 and Channel 7
respectively. In Figure 4.19, there are four distinct bands in which the frequency could be
determined without ambiguity. These bands associate with various half cycles of the IFM
response of Figure 4.17. In particular, the first band is defined between DC-12.5 GHz, the
second band is between 12.5 GHz to 25 GHz, the third band is between 25 and 37.5 GHz
and so on. It is evident from Figure 4.19 that excellent measurement accuracy is achieved
for the first band. Since the mixing transfer function used for the voltage to frequency
mapping does not include the optical filter characteristics, which roll off after ±12.5 GHz
from the carrier, it therefore anticipates that degradation of the measurement accuracy
would be observed toward the high frequency end. This is clearly evident in both Fig-
ure 4.19 and Figure 4.20.
Having the optical filter response included, the accuracy of the measurement will only
be limited by the sensitivity of the voltage meter and by the system noise. Similar to
Figure 4.19, Figure 4.20 shows the frequency measurement for Channel 5 and Channel 7.
The non ambiguous bandwidth measurement in this case is 6.25 GHz, which divides the
frequency range DC-40 GHz to about 7 bands. Excellent accuracy is obtained within the
first three bands.
In a summary an instantaneous frequency measurement system based on all optical
mixing using HNLF. the system exhibits good stability and a wide frequency measure-
ment range up to 40 GHz.
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Figure 4.19: Predicted and measured frequency versus the actual signal frequency em-
ploying Channel 5 and Channel 6.
Figure 4.20: Predicted and measured frequency versus the actual signal frequency em-
ploying Channel 5 and Channel 7.
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4.5 Conclusion
The need to have all optical mixing has arisen in Chapter 2. In this Chapter a new tech-
nique based on all optical mixing was introduced to remove the need for the co-axial cable
required to compensate the optical length. Semiconductor Optical Amplifier (SOA) was
then introduced as a non-linear device. The SOA was then characterized and employed
to achieve all optical mixing. A frequency measurement range of 20 GHz was achieved.
However, the instable and even oscillating nature of SOA may limit the performance of
the IFM system. Also since SOAs produce ASE noise, the sensitivity of such a system
may degrade. Highly Non-Linear Fiber (HNLF), was then introduced as an alternative.
Being a passive device, HNLF exhibit a better stability comparing with SOA. The HNLF
was firstly characterized. The SOA was then replaced by an HNLF. The all optical mixing
based on HNLF was then conceived and demonstrated. A 40 GHz frequency measure-
ment range was achieved. It would be imaginable to employ the photonic hybrid concept
into the new all optical mixing IFM to achieve orthogonal measurement. It could be
shown that an arbitrary numbers of IFM systems, could be implemented using only one
nonlinear device (SOA or HNLF). Since in the practical RADAR warning receivers, a
bank of IFM systems is required, this would reduce the cost of the whole system.
In summary, by using the microwave-photonic a wideband microwave-photonic IFM
system needless of any co-axial cable was conceived and demonstrated practically. This
system could provide a broader frequency measurement range comparing with the IFM






In an electronic warfare environment, the RADAR signals received from distant threads
could be very low power. Therefore a RADAR warning receiver must have the highest
sensitivity possible to be able to detect signals from enemy’s RADAR with the largest
possible range. To detect very faint signals it is essential that the noise of the detection
system is minimized. There has been comprehensive research to increase the Signal to
Noise Ratio (SNR) of RF systems including, but not limited, to employing high gain
Low Noise Amplifiers (LNAs) at the front-end to improve the total Noise Figure (NF) of
the receiver as well as employing high gain antennas to maximize the signal, and using
Locked Loop techniques to eliminate noise and other interferences.
In practical electronic warfare applications the photonic IFM system discussed in
Chapters 2 and 3 must thus have a sufficient sensitivity to enable comparison with tra-
ditional IFM receivers. In low signal environments in order to maximize the sensitivity,
noise reduction techniques must be employed to reduce noise of the system.
This Chapter, investigate the sensitivity of the implemented photonic IFM of Chap-
ters 2 and 3.
For clarity, the operation of proof of concept IFM receiver is characterized in terms
of sensitivity in Section 5.2. Lock-in amplification technique is utilized to improve the
sensitivity of the system in Section 5.3. The sensitivity improvement photonic IFM proof
of concept demonstration is shown in Section 5.4. Section 5.5 proposes and demonstrates
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a high frequency version of this sensitivity improved photonic IFM system. Section 5.6
investigates the sensitivity improved of the Orthogonal photonic IFM which was imple-
mented in Chapter 3. Section 2.6 draws conclusions on the practicality of the proposed
sensitivity improved photonic IFM system. The findings of this Chapter have been pub-
lished in [72, 88–90].
5.2 Sensitivity of Original Photonic IFM Receiver
Having implemented a low-cost photonic IFM system in the Chapter 2, it is worth inves-
tigating the limitation of the sensitivity of the IFM system. To do this investigation, firstly
the IFM system of Chapter 2 must be characterized in terms of sensitivity. In this Section
the sensitivity of the system is quantified. To do this, the IFM system was characterized
in terms of sensitivity. Several measurements were conducted to perform this characteri-
zation. In the practical use; however these multiple measurements would not be required
and only one measurement would be sufficient to identify the frequency.
Qualitative Sensitivity observation
To establish the sensitivity of the IFM system demonstrated in Section 2.4, sequential
measurements of the frequency response were taken with diminishing input RF powers
(PRF to be 10dBm, 1dBm and -5dBm). It is predicted from Equation 2.50 that once the
RF power is reduced below a certain threshold it will be difficult to be measure due to the
presence of the frequency independent offset. This effect will limit the sensitivity of the
IFM system.
Figure 5.1 shows the frequency response of the IFM system with input RF powers
of 10dBm, 1dBm and -5dBm. In Figure 5.1, at PRF = 10dBm, the sinusoidal transfer
function is clearly evident and the amplitude of the variations is a significant proportion
of the observed DC offset. At PRF = 1dBm the sinusoidal response is still observable,
but the amplitude is significantly reduced. Conversely, the frequency invariant DC offset
remains almost unchanged with the reduced RF input power. Reducing the power to PRF
= -5dBm resulted in attenuation of the amplitude of the sinusoidal transfer function to the
scale of the noise on the DC offset. As it can be seen the sensitivity of the IFM system
of Figure 2.4 is not below -5dBm. To gain more insight to the sensitivity problem, a
quantitative observation should thus be conducted.
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Quantitative Sensitivity Observation
To better illustrate the noise floor behavior, the amplitude of the output was measured as
a function of the input RF power. The output signal amplitude was defined as the voltage
difference between the first peak and the first null in the oscillating response as illustrated
in Figure 5.1. Measurements were taken for input RF powers ranging from 10dBm to
-50dBm in 3dB increments. It is clear that the system without lock-in amplification can
only achieve a sensitivity of -5dBm.
Figure 5.2 shows the amplitude of the output as a function of the RF input power for
the original system of Figure 2.8. A sensitivity of only -5dBm was achieved.
At this power it is no longer possible to measure frequency with this system. Recall
that the role of an IFM system in a RADAR warning receiver is to provide early indication
of possible threats in an electronic warfare environment. The ability to see distant threats
is vital and hence the sensitivity of an IFM system is extremely important.
It has been established that the sensitivity of the experiment of Figure 2.8 is between
-5dBm and 1dBm. This poor level of sensitivity would be unacceptable in practical appli-
cations. It is thus necessary to explore methods for enhancing the sensitivity of this IFM
system if it is to be seriously considered for RADAR warning receiver applications.
Figure 5.1: Output voltage of original IFM system as a function of frequency. RF input
powers of 10dBm, 1dBm and -5dBm.
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5.3 Lock-in Amplification
A lock-in amplifier (also known as a phase-sensitive detector) is a type of amplifier which
amplifies only the desired portion of a signal and reject interfering components. At the
receiver, a signal which is to be measured may be accompanied by strong interference
as shown in Figure 5.4 a). The lock-in concept is to modulate only the desired signal
component with a reference tone (Figure 5.4 b) ). The modulated signal goes to a mixer
which is fed by a phase shifted version of the reference tone. This mixing transfers the
interference to fcirc while transferring the originally modulated signal back to DC. A
low-pass filter then isolates the DC signal and it is amplified.
As a result at the output of the mixer there is a DC component which is proportion to
the desired signal to be measured (Figure 5.4 c) ). This DC component will be isolated
from the other harmonics by a low-pass filter. This way as any interference (undesired
components which has accompanied the desired signal), are not modulated, at the output
of the system, they will not be detected and hence will be rejected. Signal to Noise ratio
(SNR) improvement using lock-in amplification can be as low as -60 dB or even less [91].
Having presented a qualitative description of the lock-in amplifier, a mathematical
Figure 5.2: Amplitude difference of the output for RF input powers of 10dBm, 1dBm and
-5dBm.
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Figure 5.3: Lock-in amplifier
model is developed to give the reader a better understanding of lock-in amplification.
Consider the voltage to be measured is A which is accompanied by an interference of
B. Modulating only the desired voltage to be measured, the modulated outcome can be
written as:
v(t) = A(1 + cosΩt) +B (5.1)
This signal is then amplified and mixed with the shifted reference tone of :
vref (t) = C(cosΩt+Θ) (5.2)
where Θ is a user-adjustable phase-shift introduced within the lock-in amplifier.
The output will thus be:
vout(t) = C[A(1 + cosΩt) +B](cosΩt+Θ) (5.3)
Using trigonometric relation, Equation (5.3) can then be expanded as:



















As it can be seen, at the output, there is no term including B, therefore the interference





As stated in Section 5.1 one of the solutions to reduce the noise is lock-in technique.
Attempts have been done to reduce the noise of the photonic link by using lock-in tech-
nique.
Lock-in technique has been widely used in several applications needing accurate mea-
surement of interfered or noisy signals such as SNR and dynamic range enhancement in
highly noised photothermal experiments, adaptive power line interference extraction, de-
tecting very weak inhomogeneities in materials that are not possible to detect with con-
ventional techniques when coupled to a photothermal detection system, measurements of
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nanosecond fluorescence lifetimes, nano indentation and contact stiffness measurement,
radio astronomy, measuring photon lifetime and true reflectance in an optical cavity, mea-
suring hydrostatic pressure on membrane processes, transverse surface acoustic wave de-
tection, thin film using scanning probe microscope [92–100].
5.4 Sensitivity Improved Photonic IFM Proof of Concept
Demonstration
Figure 5.5: Experimental setup of the photonic IFM with lock-in amplifier.
The poor sensitivity shown in Section 5.2, (Figure 5.2) has been attributed to the
strong frequency invariant DC component predicted by Equation (2.50) which quickly
dominates the output response as the input RF signal amplitude is reduced. If this fre-
quency invariant component could be rejected by the receiver, then a far more sensitive
measurement should result. Lock-in amplification is a excellent candidate for rejection of
this DC offset.
5.4.1 Lock-In Amplifier Technique
As discussed in Section 5.3 to efficiently use lock-in amplification it is important that the
modulated perturbation modifies only the components of the output that are of interest
while leaving the background interference unchanged. For the IFM system of Figure 2.8
the quantity to be measured is the RF frequency and this is done by relating the phase ac-
cumulated by a fixed time delay τ to the signal frequency. Thus, to effectively use lock-in
amplification, this differential time difference must be modulated with a dithering tone.
Equation (2.50) shows that perturbing τ will only change the desired frequency depen-
dant component of the output leaving the frequency independent components unaltered.
Having established that it is the time delay τ that must be modulated it is now possible to
conceive a system that will enable modulation of this delay with sufficient amplitude and
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frequency to enable lock-in amplification.
5.4.2 System Implementation
In order to achieve lock-in amplification, the delay τ must be modulated at a rate above
a few hundred Hz to avoid interference/noise sources such as 50 Hz AC background and
its harmonics. The modulation must also have sufficient amplitude so that the phase
change imparted by the varying delay can be observed interferometrically. This means
that the physical change in path length must be of the order of 1% of a wavelength at the
lowest frequency to be measured. In the case of the experiment of Figure 2.8 the nominal
frequency is 20 MHz and so the physical change in length must be a significant fraction
of one meter. One might consider electro or thermo-optic phase modulation or even fiber
stretching as a means of perturbing the path length [101]; however, these approaches
will be insufficient to achieve the large changes in delay required for this investigation.
Instead, a physical switching between two paths must be used to achieve the required
modulation.
5.4.3 System Setup
Figure 5.5 shows the proposed block diagram of the IFM system. Two optical carri-
ers (λ1, λ2) were provided by a laser array. These wavelengths were switched using the
first modulator (MZM1), which was biased by a square wave with amplitude of Vq = Vpi2
and DC offset of Vpi
2
. In this way, the output of MZM1 switched from λ1 to λ2 with
each clock cycle. The same voltage signal was also used to feed the lock-in amplifier.
The output of the MZM1 was then mixed with the RF signal using the MZM2 (biased
at Vq). The modulated signal was delayed using a cascaded grating which provided dif-
ferent delays for λ1 and λ2. The delayed signal was again modulated with MZM2, and
detected. A long length of optical fiber (2.3 km) then provided the bulk differential de-
lay of the interferometer. The output of the photo-detector was connected to the lock-in
amplifier. Using two different wavelengths, different delays resulting in different output
voltages were achieved. It was this difference in output voltage which was measured by
the lock-in amplifier.
5.4.4 System Demonstration
Similar to Section 5.2, a qualitative demonstration is first conducted to investigate any
possible noise floor improvement. After observing quantitative improvement a quantita-
tive investigation was conducted.
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Qualitative Demonstration
The system was setup as shown in Figure 5.5. The optical wavelengths were set to
λ1=1550 ,λ2=1551.5nm. The laser diode powers were set to P1=11.7 and P2=11.75 mW.
The RF input power was adjusted sequentially to values of -20dBm, -32dBm and -35dBm.
Figure 5.6: Output voltage of Lock-In amplifier (MZM used as switch). RF input powers
of -20dBm, -32dBm and -35dBm.
Figure 5.6 presents the frequency response of the system of Figure 5.5 measured for
RF input powers of -20dBm, -32dBm and -35dBm. Comparing to Figure 5.1 it is evident
that the sensitivity has been improved dramatically. The amplitude of the frequency vary-
ing component of the response still dominates even at -20dBm input power. Reducing the
input power to -32dBm it is still possible to observe the frequency varying response. At
-35dBm, the response has been lost in the noise floor of the system.
It is worth noting that the response still maintains a frequency invariant DC offset
which appears to be proportional to RF input power. This is as expected from Equa-
tion (2.50).
Quantitative Demonstration
To quantify the noise floor performance, the amplitude of the output was measured as a
function of the RF input power. The output signal amplitude was defined as the voltage
difference between the first peak and the first null in the oscillating response as illustrated
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in Figure 5.6. Measurements were taken for input RF powers ranging from 10dBm to
-50dBm in 3dB increments.
Figure 5.7: Amplitude difference of the output for different RF input powers.
Figure 5.7 shows the amplitude of the output as a function of the RF input power for
the original system of Figure 2.8 and the improved sensitivity system of Figure 5.5 using
MZM as the optical switch. From Figure 5.7 it is clear that the system without lock-in
amplification can only achieve sensitivity of -5dBm, while the locked system can achieve
sensitivity of -35dBm. This confirms the estimated noise floor of -35dBm observed in
Section 5.4.4.
5.4.5 Summary
A proof of concept sensitivity improved microwave photonic IFM system was proposed
and practically demonstrated. A sensitivity of -35dBm has been achieved. Note that this
sensitivity is linearly related to the optical power of the laser diodes as Equation (2.50)
suggested. The next Section will explore how a high frequency (GHz) sensitivity im-
proved frequency measurement can be achieved [88].
5.5 High Frequency Sensitivity Improved IFM System
Demonstration
Having established a method to increase the sensitivity of the original, low frequency
photonic IFM system, it is now possible to demonstrate an improved sensitivity IFM
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system operating at GHz frequencies.
5.5.1 Noise Floor Observation
To determine the sensitivity of the previously demonstrated system of Figure 2.12, se-
quential measurements of the frequency response were taken with diminishing input RF
powers. Figure 5.8 presents the frequency response of the system with input RF powers
of 7dBm, 1dBm and -2dBm. The oscillating response is clearly evident at 7dBm, but
becomes unmeasurable at -2dBm. As noted in Section 5.2, this poor sensitivity would be
unacceptable for a practical system.
5.5.2 System Implementation
Figure 5.9 shows the experimental setup of the sensitivity enhanced high frequency pho-
tonic IFM system. Similar to Section 5.4.2, an RF signal generator produced a single tone.
This was split into two equal portions using a Wilkinson power divider. The first portion
fed an MZM (MZM1), which was biased at quadrature. Two optical carriers were pro-
vided by two laser diodes with wavelengths of λ1 and λ2. An optical switch was used to
select between two optical carriers, with ideally only one carrier present at the modulator
at any time. The output of the MZM1 traversed to the Port 1 of a polarization maintaining
optical circulator. Port 2 of the optical circulator was connected to a cascaded grating.
Figure 5.8: Output voltage of high frequency IFM system as a function of frequency. RF
input powers of 7dBm, 1dBm and -2dBm.
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The cascaded grating provided different delays for different optical carriers λ1 and λ2.
The reflected signal was output from Port 3 of the optical circulator. unlike Figure 5.5 no
excess delay was introduced. The signal was input to the MZM2 directly, where it was
modulated a second time. The RF feed for MZM2 was delayed using a co-axial cable to
achieve desired differential delay. The output was then low pass filtered and measured
by a lock-in amplifier. A dithering tone was applied to the optical switch and this was
supplied as a reference to the lock-in amplifier. By carefully adjusting the optical powers
for each wavelength such that the optical power received at the output was the same for
both wavelengths, it was possible to isolate only the intensity variations that occur as a
result of the path length change caused by the cascaded grating. In this way, only the
interferometric component of the system output was amplified.
5.5.3 System Demonstration - MZM switch
The system was setup as shown in Figure 5.9. The optical wavelength of the laser diodes
were set to λ1 = 1550, and λ2 = 1551.5 nm. The laser powers were carefully adjusted
to P1 = 11.7 and P2 = 11.75 mW respectively to ensure that the power incident on the
photo-detector was identical for both wavelengths. The difference in input power can be
attributed to varying loss of the cascaded grating. As in Section 5.4, a 2 × 1 MZM was
used as an optical switch. The dithering signal provided by the function generator was a
square wave which controlled the MZM bias as shown in the inset of Figure 5.9. The DC
offset of the square wave was adjusted to the quadrature voltage of the 2 × 1 MZM, and
the amplitude of the squarewave was set to the quadrature voltage so that switching from
peak to null was achieved. The response of the system of Figure 5.9 was measured for RF
input powers of -20dBm, -26dBm and -31dBm.
The measured frequency response of the system for several input powers is shown in
Figure 5.10. It is evident that the DC offset has reduced dramatically with output voltages
measured in mV compared to V in Figure 5.8. The minimum signal level that can be
measured has also been significantly improved with measurements at -20dBm input power
showing great clarity and loss of measurement certainty only being observed at -31dBm
input power. To illustrate the noise floor performance more clearly, the amplitude of the
output was measured as a function of the input RF power.
As in Section 5.2, the output signal amplitude was again defined as the voltage dif-
ference between the first peak and the first null in the oscillating response as illustrated
in Figure 5.11. Measurements were taken for input RF powers ranging from 10dBm to
-50dBm in 3dB increments.
Figure 5.11 shows the amplitude of the output as a function of the RF input power
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Figure 5.9: Experimental setup of the reduced noise IFM system (MZM as switch).
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for the original system of Figure 2.12 and the improved sensitivity system of Figure 5.9
using an MZM as the optical switch. From Figure 5.11 it is clear that the system without
lock-in amplification can only achieve sensitivity of -2dBm, while the locked system can
achieve sensitivity of -32dBm.
Figure 5.10: Output voltage of lock-in amplifier (MZM used as switch). RF input powers
of -20dBm, -26dBm and -31dBm.
5.5.4 Discussion
A sensitivity of -32dBm has been achieved when using MZM as an optical switch in
the IFM system of Figure 5.9 while this sensitivity is respectable, it is unlikely that it
is a lower limit. It is hypothesized that the finite extinction ratio of the MZM switch
(nominally -20dB) and imperfect biasing may limit the sensitivity of the IFM system.
This imperfect extinction means that there will always be a portion of both wavelengths
at the output and this in turn limits the extent to which the invariant background signal
can be cancelled.
Figure 5.12 illustrates the difference between the ideal and non-Ideal switching. To
explore whether the finite extinction of the MZM switch could limit the sensitivity, in the
next Section the MZM switch will be replaced with a mechanical switch.
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Figure 5.11: Amplitude difference of the the output for different RF input powers.
Figure 5.12: Difference between the Ideal and Non-ideal switching.
5.5.5 System Demonstration - Mechanical Chopper
As discussed in Section 5.5.4, the non ideal extinction ration of the 2×1 MZM may place
a limit on the effectiveness of the lock-in amplifier. To test this, the 2 × 1 MZM was
replaced by a more ideal switch (Mechanical Chopper).
A mechanical chopper (Figure 5.13) was used to allow only one of the two wave-
lengths through at a time. The two optical paths were aligned carefully to the apertures of
the chopper such that only one path was passed at any time. In this manner the dithering
frequency corresponded to the frequency of oscillation between these two paths resulting
in only one wavelength present at all time in the input of MZM1. After passing through
the chopper the free space optical signal was collected and refocused into separate optical
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Figure 5.13: Mechanical Chopper
fibers. The experiment of Figure 5.9 was then repeated but this time with the mechanical
chopper as a switch as shown in Figure Figure 5.14 . The laser powers were again fine
tuned to achieve the same optical power level at the input of the photo-detector for both
switching states.
The measurements were repeated over the same frequency range (1-10 GHz). The RF
input power was again varied from +10dBm to -50dBm and the output signal amplitude
was recorded.
The results for the chopper switched system are presented in Figure 5.15. It can be
seen that the system sensitivity has been improved to -41dBm. The observation of Fig-
ure 5.15 implies that increasing the switching extinction has indeed improved the sensi-
tivity. This sensitivity is competitive with existing electronic IFM implementations [32].
Figure 5.16 shows the amplitude difference of the output voltage as a function of the
RF input power for the original system of Figure 2.12, the improved sensitivity system of
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Figure 5.14: Experimental setup of the reduced noise IFM system (Chopper as switch).
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Figure 5.9 using MZM as the optical switch and the improved sensitivity of Figure 5.9 us-
ing chopper as a switch. Figure 5.16 clearly shows that the system with lock-in amplifica-
tion and using chopper as a switch has the best sensitivity. This confirms the observations
of Figure 5.8 and Figure 5.16. A sensitivity of -41dBm was achieved.
Figure 5.15: Output voltage of lock-in amplifier (used chopper as switch). RF input
powers of -20dBm, -26dBm and -31dBm.
5.5.6 Summary
A sensitivity improved microwave photonic IFM system was proposed and practically
demonstrated with a sensitivity of -41dBm being achieved for measurements up to 10 GHz.
This is competitive with traditional electronic IFM systems. There is scope to extend the
frequency range of this IFM into the millimeter range using all optical mixing as demon-
strated in Chapter 4. It is conceivable that the sensitivity enhancement techniques demon-
strated in this Chapter could be applied to this all optical system creating a very attractive
photonic IFM system.
The achieved sensitivity of -41dBm could be attributed to the noise made by the
laser diode (RIN noise) and by the photo-detector (shot noise). There is also a thermal
noise coming from MZMs which usually has a lower level compared with the other noise
sources. It is also observed that the noise floors of the low frequency and high frequency
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Figure 5.16: Amplitude difference of the the output for different RF input powers.
systems were similar which implies that the bandwidth of the system does not affect the
noise floor. This could be due to absence of any RF filter inside the system which removes
bandwidth dependence of the noise floor.
A lock-in approach has introduced some complexity to the system. This raises the
questions to whether this approach could be practically applied to the orthogonal IFM
system or not.
5.6 Orthogonal Instantaneous Frequency Measurement
Sensitivity Improved
The aim of this Section is to reduce the noise floor hence, improve the sensitivity of the
orthogonal measurement IFM system of Chapter 3. Since more than one wavelength were
used in the orthogonal measurement IFM system, switching between all of these optical
wavelengths maybe impractical. Therefore a dithering scheme must developed before
being applied to the orthogonal IFM system.
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Figure 5.17: Experimental setup of the sensitivity enhanced IFM system.
5.6.1 Dithering the physical length
Since the orthogonal measurement IFM system employs three wavelengths employing the
wavelength switching method could be challenging. In this Section a dithering scheme is
developed based on switching between physical length. Since no wavelength switching
is employed, this system should be able to be employed to reduce the noise floor of the
orthogonal measurement IFM system. Figure 5.17 shows the experimental setup of the
sensitivity enhanced photonic IFM system. An RF signal generator produced a single
tone. This was split into two equal portions using a Wilkinson power divider. The first
portion fed an MZM (MZM1), which was biased at quadrature. An optical carrier was
provided by a laser diode with wavelength of λ1. The modulated signal traversed through
an optical fiber and was then spilt in two equal portions using a 3dB optical splitter. At
this point the light guided within the fibers was collimated and launched into free space.
A mechanical chopper was inserted in the path of both beams. The optical paths were
aligned carefully to the apertures of the chopper such that only one path was passed at any
time. In this manner the dithering frequency corresponded to the frequency of oscillation
between these two paths. After passing through the chopper the free space optical signals
were collected and both refocused into separate optical fibers. The signals were connected
to a 2× 1 MZM (MZM2) where the second portion of RF tone re-modulated the already
modulated optical carrier. This signal was then detected and band-pass filtered. The
output of the low-pass filter was connected to a lock-in amplifier. The clock from the
chopper was also input to the lock-in amplifier as the reference frequency. The optical
power received in each of the two chopped paths could be tuned by adjusting the bias of
MZM2. It was also possible to fine tune the location of the two optical beams relative to
the chopper blades to ensure that there was not time at which both beams were transmitted.
Figure 5.18 shows the amplitude difference of the output voltage of the new system
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Figure 5.18: Amplitude difference of the the output for different RF input powers.
for different RF input powers. Figure 5.18 shows at least a 35dB sensitivity improvement
was achieved using the new technique. This technique should then be a good candidate
to be applied to the orthogonal measurement IFM system. It is now possible to adjust the
delay of any numbers of wavelengths within a single fiber path.
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Figure 5.19: Experimental setup of the sensitivity enhanced orthogonal IFM system.
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5.6.2 Orthogonal Measurement IFM System Implementation
Since a dithering method was developed needless of wavelength switching, an orthogonal
measurement IFM system can now be demonstrated.
Figures 5.19 shows the experimental setup of the sensitivity improved IFM receiver
with orthogonal measurement. An RF signal generator produced a single RF tone which
was divided into two equal portions feeding two arms of the IFM system. These arms were
labelled the Optical Path and the RF Path on Figure 5.19. The RF tone in the Optical Path,
modulated three wavelengths being used to implement a two-tap (λ1, and λ2) transversal
filter with a reference tap (λ◦) in between. Carriers λ1 and λ2 were combined using a
3dB optical coupler. This combined signal together with λ1 were modulated oppositely
to make the desired combination as shown in Figure 5.19 inset a). The modulated signal
was then input to Port 1 of a Polarization Maintaining (PM) optical circulator. Port 2 of
the circulator was connected to a cascaded grating. Each wavelength was reflected with
different but uniformly incremented delays. The dispersed signal was output from Port 3
and input to a PM 3dB optical splitter.
Like the experiment of Figure 5.17, the outputs of the splitter were input to the free
space with different optical path lengths and the mechanical chopper was inserted in the
path of both beams. After passing through the chopper the free space optical signals
were collected and both refocused into separate PM optical fibers. The signals were con-
nected to a 2 × 1 MZM (MZM2) fed with the original RF tone in the RF Path. The
output of MZM2 was then input to a Wavelength Division Multiplexer (WDM) which
separated all wavelengths. Carrier λ1 remained separated and was used as the reference
(Figure 5.19 inset b) ). This arm was called the reference arm. The carriers λ1 and λ2
were again combined using a 3dB coupler to make the two-tap transversal filter (Fig-
ure 5.19 inset c) ). This arm was called the 90◦ arm. Both signals were then detected,
band-pass filtered and measured by a lock-in amplifier which had a reference from the
dithering signal controlling the chopper.
Having conceived an improved sensitivity photonic IFM system capable of producing
orthogonal measurements, it is now possible to demonstrate the sensitivity improvement
of the system.
The system was configured as depicted in Figure 5.19. The optical carriers λ◦, λ1 and
λ2 were set to 1550, 1551.5, and 1548.5 nm respectively. The optical powers correspond-
ing to these three wavelengths were set to 11.5, 17, and 11.7 mw, respectively. Sequential
measurements of the frequency response were taken with incrementally diminishing input
RF powers starting from 10dBm to -50dBm. The response of the system of Figure 5.19
was measured for RF input powers of -20dBm, -34dBm and -37dBm and the result is
shown in in Figure 5.20. A sensitivity of -37dBm was achieved as expected. Figure 5.21
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Figure 5.20: Output voltage of IFM system as a function of frequency. RF input powers
of -20dBm, -34dBm and -37dBm.
Figure 5.21: Amplitude difference of the output for different RF input powers
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shows the amplitude difference of the output for different RF input powers for both locked
and unlocked systems. At least 30dB improvement has been achieved using the lock-in
technique while achieving orthogonal measurements. Recall from Chapter 3, that due to
sinusoidal response of the hybrid coupler the sensitivity should be varied along the pass
band of the hybrid coupler and the amplitude response is not ideal. As the nulls of the
system are at 0 and 12.5 GHz (as stated in Chapter 3), the system should have the high-
est sensitivity at 6.25 GHz which is the middle of the band. However, note that the RF
path response is frequency dependent and can affect this point as the loss of RF path will
increase with frequency increment.
5.6.3 Summary
In summary the sensitivity of a photonic IFM receiver capable of producing orthogo-
nal measurement has been improved using lock-in amplification scheme. This was done
based on a new dithering technique where the actual optical lengths were employed along
with an optical chopper as a switch to achieve different delays.
5.7 Conclusion
In this Chapter, a technique to improve the sensitivity of the photonic IFM receiver of
Chapter 2 was developed and demonstrated practically. It was based on lock-in amplifica-
tion scheme where a dithering signal was employed to remove the huge DC offset of the
IFM measurement. A low frequency version was first developed as the proof of concept.
Since the response of the IFM was proportion to the differential delay being caused inside
the interferometer, the dithering signal should dither this delay. This was done employing
two different wavelengths along with an optical switch and a cascaded grating which pro-
vided different delays for different wavelengths. A sensitivity of -35dBm was achieved
which is comparable to that of traditional IFM systems. The same technique was applied
to the high frequency version of IFM system. While sensitivity was further improved
to -41dBm using an almost ideal optical switch. There is scope to extend the frequency
range of this IFM into the millimeter range using all optical mixing as demonstrated in
Chapter 4. It is conceivable that the sensitivity enhancement techniques demonstrated in
this Chapter could be applied to this all optical system creating a very attractive photonic
IFM system.
Since the orthogonal measurement IFM system used more than one wavelength, em-
ploying a cascaded grating to achieve different delays was not possible in the orthogo-
nal version of the IFM system. A new dithering technique was then developed based
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on switching between different physical lengths. This technique was then employed to
achieve a dithered delay in the orthogonal IFM system and a sensitivity of -37dBm was
achieved. This sensitivity could still be improved further using more taps for the hybrid
coupler used inside the IFM system.
Chapter 6
Conclusions
The aim of this thesis was to implement an Instantaneous Frequency Measurement (IFM)
system using microwave photonics technology. The photonic IFM system must also have
a wide frequency measurement range. Particular emphasis was placed on creating an
inexpensive implementation.
An inexpensive photonic IFM was achieved by employing the IFM mixing concept
in the optical domain. Down-converting the high frequency RF signals to DC removed
the need for high frequency photo-detectors. Since only a DC voltage at the output of the
IFM system was required to measure the RF frequency. A proof of concept system able to
measure frequencies in the order of MHz was demonstrated. This IFM system was then
enhanced to enable measurement of GHz frequencies. Simultaneous measurement of RF
frequency and power was then achieved using orthogonal measurements where an optical
hybrid coupler was employed to produce orthogonal sets of IFM outputs.
An all optical mixing technique was then used to eliminate the need for undesirable
RF cabling. A bandwidth of up to 40 GHz was demonstrated. Finally this sensitivity of
the photonic IFM was characterized and lock-in techniques were employed to improve
the sensitivity. A sensitivity of -41dBm was achieved which is comparable to traditional
IFM systems. Each of these system demonstrations represents a major achievement of
this work. A summary of each is presented in the following section.
6.1 Outcomes of This Work
The primary outcome of this work was to develop a microwave photonic IFM receiver.
This was achieved in Chapter 2. A new method was introduced to implement an Instan-
taneous Frequency Measurement (IFM) system based on a photonic scheme where an RF
signal was mixed with a delayed version of itself. The output of the system was a DC volt-
age. This DC voltage depended on the phase between the two mixed RF signal and this, in
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turn was RF frequency dependent. The major distinct feature of this system was enabling
high frequency measurement using low frequency photo-detectors. This significantly re-
duced the cost of an IFM unit. This is specifically important when implementing a bank
of IFM systems to identify many threat signals independently and simultaneously. One
limitation of the system was that measurement of the RF frequency required knowledge
of the RF power level.
The IFM system of Chapter 2 relied on knowledge of RF power to identify the RF
frequency. In Chapter 3 this problem was investigated and solved. A microwave photonic
hybrid coupler was identified and customized for use in this mixed IFM system. Based
on the concept of RF hybrids, this photonic configuration provided two outputs, one with
90◦ phase shift over a broad bandwidth and the other providing a 0◦ phase reference.
This hybrid coupler scheme was achieved using a photonic transversal filtering scheme.
Relying on non-coherent optics, the system offered very good stability both in phase and
amplitude. Utilizing only a two tap photonic transversal filter, a flat 90◦ phase shift was
achieved over 2-18 GHz frequency range.
Having adopted this wideband photonic hybrid coupler, it was then possible to develop
an IFM system which was able to measure both RF frequency and power independently
and simultaneously. This transversal photonic hybrid was incorporated into the photonic
IFM. This enabled realization of two IFM interferometers with quadrature phase. This
resulted in two orthogonal measurements of the same signal enabling two unknowns to
be identified. The two unknown measured were RF power and frequency.
Chapter 4 focussed on improving the frequency measurement range using all optical
mixing. A Semiconductor Optical Amplifier (SOA) was firstly introduced as a non-linear
optical device. The SOA was then characterized and employed to achieve all optical
mixing. A frequency measurement range up to 20 GHz was then demonstrated. The
unstable nature of SOA was identified as a limit on the performance of the IFM system.
ASE noise introduced by the SOA degraded the sensitivity of the IFM system. Highly
Non-Linear Fiber (HLNF), was then introduced as a solution. Since HLNF is passive ,
it exhibits better stability when compared with the SOA. The SOA was then replaced by
HLNF and an all optical mixing IFM was then demonstrated up to 40 GHz frequency
range. The demonstrated system with HNLF was exceptionally stable.
Chapter 5 explored the sensitivity of the optical IFM system developed in Chapter 2.
The sensitivity of the system was characterized first and it was found that the sensitivity
was only -2dB. This required improvement. A lock-in amplification scheme was em-
ployed to improve the sensitivity of the IFM system. In this technique a dithering signal
was used to vary the length of one of the delay lines, and thus the relative delay of the IFM
interferometer. Two different wavelengthes were first used along with a cascaded grating
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and a double balanced MZM to switch between two different paths. Then a high extinc-
tion mechanical optical switch was constructed to switch between two different physical
lengths. This led to a sensitivity of -41dBm. This sensitivity improvement technique was
also incorporated into the orthogonal measurement IFM system of Chapter 3 leading to a
sensitivity of -37dBm. This final demonstration can be considered a practical photonic
IFM system.
In summary, a new microwave photonic technique has been introduced to implement
an IFM system. This IFM system features wideband frequency range, low cost and good
sensitivity comparable to the traditional IFM systems.
6.2 Suggestions for Future Work
The primary goal of realizing a photonic Instantaneous Frequency Measurement were
achieved. Providing more taps for the IFM system, would enable wider frequency mea-
surement range and thus better sensitivity. It may also minimize the computer processing
time as there would be no need to include the sinusoidal shape of the magnitude of the
transversal filter in computer programming.
For the systems of Chapter 2 and Chapter 3 monolithic or hybrid integration could
be employed to remove the need for any co-axial cable used for optical path length com-
pensation. This would improve the frequency measurement range of the system. Having
achieved a wide frequency measurement range, the IFM system could respond to pulse
modulated signals. It also would decrease the bulk of the system dramatically, redesign it
practical for use in defence systems.
For the sensitivity improved system of Chapter 5, mechanical choppers are not practi-
cal to be used in defence systems. High extinction photonic switches could be employed
to stabilize the performance of the system. This would also decrease the size and weight of
the system. The lock-in technique could also be employed into the all optical mixing IFM
system to improve the sensitivity while achieving very wideband frequency measurement
range up to 40 GHz. The photonic hybrid concept could also be incorporated into the
all optical mixing approach to achieve broadband independent RF frequency and power
measurement. This will result in a complete IFM system featuring broad bandwidth, high
sensitivity, and capability of measuring the RF frequency and power independently.
Parallel IFM system could also be implemented. This would require only more opti-
cal carriers all combined and traversed through only one MZM. Inexpensive laser diodes
could be employed for cost efficiency. Since the photonic IFM system employs only
low-cost photo-detectors, the total cost of the system would be relatively low. Employ-
ing parallel IFM systems would increase the frequency resolution of the system. It also
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enables detection of more than one threat simultaneously.
In the real electronic warfare battle environment, there maybe more than one threat
at a time. Multiple IFM systems are then required to obtain sufficient number of mea-
surements to be able to identify all threat signals independently. A similar method to [66]
could also be employed to identify simultaneous microwave signals.
Since the photonic IFM system provides reconfigurability, a scanning receiver could
also be implemented based on narrowing the bandwidth of the IFM interferometer. It
would be imaginable that the same IFM system would first be used to identify the threat
frequency and then be employed as a scanning receiver to obtain a high resolution fre-
quency measurements. Such a dynamically reconfigurable photonic IFM system would
offer a wealth of research opportunity for future investigations.
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